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The Naukluft Region is situated ± 200 km southwest of Windhoek in Namibia. The region 
includes the Naukluft Nappe Complex (NNC), a series of nappe stacks of severely thrusted 
and folded limestones and dolomites of Neoproterozoic Damara orogen. Although it is a 
very arid «200 mm /yr) part of the country, it is also one of the most important tourist 
destinations, because of its varied geomorphology, spectacular scenery and fragile vegetation 
biomes. It is the availability of fresh water that that will limit the growth and development 
of both the agricultural and tourism industries in the region. In this detailed stable isotope 
study (0180, oD and Ol3C) of the precipitation, surface- and ground- water in the region, 
numerous possibilities for recharge and aquifer characterization are provided. The river, 
stream and groundwater in the Naukluft have average 0180 and oD values of between -7.0%0 
and -5.0%0 and between -45%0 and -30%0 respectively, with all values plotting close to the 
Global Meteoric Water Line. Most of the borehole data for both seasons plot at the negative 
end ofGMWL (0180 between -8.0%0 and -6.0%0 and oD between -40%0 and -50%0), whereas 
surface waters and rivers in March 2008 and February 2009 had higher oD and 0180 values. 
It is suggested, based on the large variability between groundwater and precipitation stable 
isotope values, that there is a significant amount effect and only large rain events infiltrate 
the aquifers in the Naukluft. Spatial distribution of the stable isotope values throughout the 
Naukluft region, indicate that the boreholes in the NNC tap water from at least two distinct 
aquifers. The 14C data (Bernhard, 2009) suggest that an entirely separate, confined source is 
present at the edge of the Namib Desert. The aquifers are proposed to be homogenous, 













The Naukluft Water Project is an NRF-SADC funded project (2008-2009), with Dr Jodie 
Miller (University of Stellenbosch) and Dr Benjamin Mapani (University of Namibia) as 
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The availability of fresh water is becoming a significant problem as the Earth's ever-
increasing population continues to put pressure on its natural resources. The concern is not 
only in finding potable water, but is in finding it in sufficient quantities. In this current age 
of uncertain and unstable economies, there is an urgent need to find sustainable water 
sources and manage these appropriately into the future. Southern Africa is vulnerable to 
changes in the hydrological cycle because of the large proportion of the population living 
below the poverty line and the high proportion of semi-arid and arid regions. Management 
oflimited resources in these environments can only be achieved with a detailed 
understanding of the source of the water and recharge processes at work. The use of isotopes 
in achieving this understanding lies in the fact that all water has a naturally occurring isotope 
signature and water recharged at different times or locations, or water that has followed 
different flow paths might be isotopically distinct. Thus, as water becomes the main priority 
in planning for the future, so the use of isotopes as tracers in hydrological systems is 
becoming a more important and established tool. 
The Naukluft Region is situated ± 200 km southwest of Windhoek in Namibia and forms 
part of the Namib-Naukluft Park (Figure 1). This park is one of the most important tourist 
destinations in Namibia, because of its varied geomorphology, spectacular scenery and 
fragile vegetation biomes. In this very arid «200 mm/yr) part of the country, the availability 
of fresh water limits the growth and development at the current rate and scale of both the 
agricultural and tourism industries in the region. The Naukluft Mountains form a nappe 
complex that consists mainly of karstic dolomites and limestones and represents the most 
significant freshwater catchment in the area, which sustains the needs of the surrounding 
population and the economies on which they depend. However, there is no water 
management scheme in the area, no monitoring of borehole drilling, which occurs regularly, 
and no plans for the future seem to have been put in place. In order for the growth of the 
agricultural and tourism industries to continue, the sustainability of the water currently being 
exploited needs to be assessed and a plan constructed in order to manage the use of the water 
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Figure I : Map of Namibia showin g location of the Naukluft wit h respect to the capilal cit~' of Windhoek. 
High clc,'a lion a reas a re in brown and lower ele\'al ion a reas are in green . (S FO 389 ACA C IA, s ubproject 
E I, Atlas of Namibia project. 2002) Red s(lu are denotes location of the Na ukluft. 
Several recent stud ies of groundwater in semi-arid to arid regions and olher karslic 
environments have used stab le isotopes as tracers to effectively estab li sh and understand the 
water processes at work. In the semi-arid Granada Basi n in Southem Spain, Kohfahl el 01 
(2008) used stab le isotopes and hydrogeochemistry to estab li sh the source orthe abundant 
spring water and the source or the water that recharges the basin watershed. The spring 
water showed isotope signatu res relating to recharge from both the western Mediterranean 
and Atlantic, whereas the quaternary aq uifer showed spati al separati on of recharge sources 
relati ng to bankfiltration ofrivers (Kohfahl el aI, 2008). Barbieri el al (200S) used the 
spatial variation of \80 / 160 and D/H ratios to trace groundwater sources to mean isotope 
elevations and used 87Srf 6Sr ratios to show seasonal variat ions in springs in the carbonate 
karst aquifers of Gran Sasso in cent ral Italy. Although cent ral Italy has a Mediterranean 
cl imate, the study did emphasise the contribution of isotope variations both spatially and 
temporall y, to groundwater n ow·paths in karstic environments. In another karst dom inated 












isotopes (6D, 6180 and 613C) and major ions to show the rapid recharge rate and influence of 
groundwater geochemistry on surface water in Belize in Central America in order to assess 
what may affect the water quality of the drinking water. In the semi-arid regions ofIsrael, 
stable isotopes were used to assess the rainfall-recharge relationship in its karstic aquifer 
systems (Ayalon et ai, 1998). A distinction between fast and slow drips infiltrating into 
caves was explored and the source of slow-drip water was attributed to water that remained 
for several decades in the upper vadose zone, whereas fast-drip water recorded an isotope 
signature that was related to heavy rainfall events and a minor component of slow-drip water 
(Ayalon et ai, 1998). 
In northern Chile, Aravena (1995) studied isotope hydrology and geochemistry of the 
groundwater in order to establish groundwater quality, origin and residence time, 
evaporation times and recharge relationships. The most important conclusion of this study 
was that the groundwater in Northern Chile should be considered a non-renewable resource. 
Aravena (1995) established that there was a multi-aquifer system associated with recharge at 
different altitudes and showed that many 6180 ratios showed values indicating precipitation 
at low altitudes, where rain was no longer relevant, establishing that recharge must have 
occurred in wetter climates. It was also established that precipitation in Chile was affected 
greatly by evaporation on its way down, with the groundwater data plotting below the local 
meteoric water line (Aravena, 1995). Through an examination of isotopes in soils after 
flooding, it was established that many of the rivers in the area, which were expected to 
recharge aquifers, did in fact lose most of their water to evaporation (Aravena, 1995). In an 
arid climate such as Chile, these sorts of results are not unexpected but are essential to future 
growth and planning. 
Locally, Vogel and van Urk (1975) found groundwater samples in southern Africa's semi-
arid regions to have reasonably constant isotope compositions within the same district and 
have become a distinguishing feature of an area. They also used isotopes to indicate that 
infiltration only occurred during periods of heavy precipitation (Vogel and van Urk, 1975). 
The IAEA (International Atomic Energy Agency), as a part of their water resources project, 
used stable isotopes to assess the Oshivelo artesian aquifer (NAM8004) and Southeast 
Kalahari basin (RAF8029-NAM) to prevent over-exploitation and better management of 
water resources. The Oshivelo aquifer borehole water showed a mean 6180 of -8.0±1.2%o 
and bD of -59±6%o, while the Southeastern Kalahari basin borehole water has a mean 6180 












Although there is an understanding of fresh water processes and sources in other arid 
regions, there is very little recent knowledge on the origin and recharge relationships of the 
groundwater in Southern Africa, particularly in and around the Namib-Naukluft region. 
Stable isotope analysis of the water in the region will help to establish whether an abundance 
of fresh water will be available in the future, as currently this water resource is unmanaged. 
Stable isotope analysis of natural water is particularly useful as oxygen and hydrogen 
isotopes make up the molecules of water and are thus built-in tracers (e.g. Sharp, 2007). 
Original isotope compositions of water can change by physical processes and by chemical 
reactions with other fluids and rocks at high temperatures (e.g. Sharp, 2007). The wide 
range in 8180 and 8D of meteoric waters are fundamentally related to phase changes during 
freezing and evaporation (ie. ocean evaporation and cloud circulation) (e.g. Sharp, 2007). 
Meteoric water originates as atmospheric precipitation in the form of rain, fog, hail, sleet and 
snow (e.g. Sharp, 2007, Criss, 1999). In the Naukluft, rain can be considered the primary 
source of meteoric water. Meteoric water resides in the Naukluft in groundwater systems 
and rivers. The use of l3C as a tracer for carbonate evolution in water systems has been used 
by Aucour et al (1999),Bouchaou et al (2009) and Gonfinatini and Zuppi (2003), among 
others. Specifically, the analysis of 8l3C of dissolved inorganic carbon (DIC) is of particular 
importance as it reflects possible sources of carbon and therefore can help to assess recharge 
pathways of the groundwater. The effect of the dissolved CO2 in the soil on the 8l3C of the 
DIC in the groundwater would vary considerably, depending on the amount of soil and the 
flow-path of the infiltrating water. 
The objective of this study is to determine the stable isotope composition (8D, 8180 and 8l3C 
of the DIC) of the precipitation, surface, spring and borehole water in the Naukluft area as 
well as to determine the spatial variation in isotope composition within the region. In 
distinguishing specific isotope characteristics for different sources, as has been done 
successfully in many other arid and karstic regions, one can establish to what degree the 
prevailing precipitation mixes with groundwater and surface water. The spatial variation of 
isotope compositions of the groundwater, which contributes to the understanding of 
underground flow-paths, might determine whether the groundwater is sourced from different 












1.1 Aims and key questions 
The following aims and key questions have been outlined for this study: 
1) To determine the stable isotope characteristics of the water in the Naukluft 
• What is the range of 8180 and 8D and 813Cmc for the groundwater, surface water and 
precipitation? 
• Do the 8180 and 8D values of the precipitation, surface- and groundwater in the 
Naukluft define a LMWL (Local Meteoric Water Line) and how does this compare to 
the GMWL (Global Meteoric Water Line)? 
• What is the spatial distribution of 8180 and 8D and 813Cmc in the Naukluft and does 
this vary seasonally? 
2) To compare the 0- and H- isotope composition of the water to other arid regions and 
karstic environments 
• Do the isotope values lie along a similar Meteoric Water Line (MWL) as other arid 
regions? 
• Are the stable isotope values of the groundwater samples within a similar range as 
compared to other arid and karstic environments? 
• Are the 813C values of the groundwater samples similar to those in other dolomite-
dominated areas? 
3) To determine the recharge processes in the Naukluft 
• What is the relationship between the stable isotope values of the two end-members, 
groundwater and precipitation? 
• To determine the amount of recharge per year by establishing the shift in 8D between 
groundwater and precipitation and the frequency of the recharge by looking at 
seasonal variation and radiogenic isotopes. 
• To determine the origin of the groundwater in the Naukluft recharge and whether 













4) To determine to what extent can the stable isotope values of groundwater be used to 
identify and characterise aquifer systems in the Naukluft region 
• Do the stable isotope values of the groundwater fall into any distinct compositional 
groups? 
• How and to what extent might radiogenic isotopes and elemental concentration data 
help in order to characterize sourcels andlor aquiferls? 












2 GEOLOGICAL AND GEOGRAPHICAL SETTING 
2.1 Regional geology 
The Naukluft mountains, in and around which the study area lies, are situated southwest of 
Windhoek in Namibia and emerge as a series of nappe stacks of thrusted and folded 
sediments of the Neoproterozoic Damara orogen in an otherwise relatively flat landscape 
(e.g Viola et ai, 2006; Miller et ai, 2008) (Figure 2). Namibia's Damaran orogenesis is due 
to Pan African deformation that formed a mobile belt that trends in a southwesterly direction, 
separating the Congo Craton from the Kalahari Craton (e.g. Viola et ai, 2006). The Naukluft 
Nappe Complex (NNC) lies at the southern end of this, at one of the comers of Africa's great 
escarpment (Korn and Martin, 1959). 
The lithologies present in the Naukluft area consist of: (1) the granitic pre-Damaran 
basement, (2) the Damaran Nappe sequences, (3) Nama sediments that crop out mainly in 
the south, (4) recent tufa deposits throughout the NNC and (5) desert sands to the west 
(Figure 3). The stratigraphy and the structure of the Naukluft area play equally important 
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Figu res 2: Geological Mall of Namibht (Gcological Sun'cJ of Namibill.. 2005). 
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The Pre-Damaran basement to the NNe consists of Pal eoproterozoic high-grade granites and 
gneisses of the Marienhof Series overlain by the mainly acidic and andestic extrusive rocks 
as well as meta-sediments of the Sinclair Sequence (Korn and Martin, 1959; Viola et ai, 
2006). The Gamsberg, Piksteel, Weener and Nubib Group granites are also present in the 
North and occasionally crop out on the edge of the desert to the west of the NNe. 
Damara Sequence: Naukluft Nappe Complex 
The NNe itselfis an allochthonous unit of Neoproterozoic Damaran metasedimentary rocks 
with its north and south ends lying unconformably on the Sinclair Sequence and in the west 
and northwest on the Marienhof Series (Viola et ai, 2006, Korn and Martin, 1959). 
Eight lithostratigraphic formations make up the NNe (Miller, 1983) (Table 1). The oldest 
units, the Noab and Bullsport formations, appear to represent tidal flat and dune beach facies 
(Hartnady, 1978, Miller, 1983). These units seem to have equivalents 70 km north-east of 
the NNe confirming their Damaran age (Saylor et ai, 1995; Martin et ai, 1983). All younger 
units in the NNe have no known equivalents in the Damaran sequence and appear to have 
been deposited from the north during deformation (Hartnady, 1978). 
There is a sequence of five major nappes from south to north, the Kudu Nappe, Northern 
Pavian Nappe, Southern Pavian Nappe, Eastern Dassie Nappe and Western Dassie Nappe, 
which in the east overlies a still lower allochthonous unit, the Rietoog Nappe and Nama 
sediments. This sequence of nappes however is currently under revision and the number of 












Table 1: Pre-emplacement chronostratigraphic succession forming the allochthonous part of the NNe, 
overlying the Sole Dolomite (re-drawn from Miller, 1983) 
Formation Member Lithology 
Onis Mbr Dolomite. bituminous limestone 
Grey dolomite 
Lemoenputs Shale. conglomerate. limestone 
Mbr 
Zebra River Fm 
Tsams Mbr Dolomite. quartzite 
... Ubisis Mbr Sandstone. shale. local conglomerate 
'2 
.s Neuras Mbr Dolomite. quartzite ... 
Q.I 
C 




Tsabisis Fm Volcaniclastics. dolomite. purple slate 
Blasskranz Fm Limestone-dolomite breccia. limestone 
Klipbokrivier-limestone. limestone-dolomite 
Remhoogte Mbr Klipbokrivier Fm breccia. shale 
Remhoogte-phyllite. slate. marble. breccia 
... Bullsport-dolomite. calcerous quartzite. purple '2 
0 shale .... ... Bullsport Fm NoabFm 
~ 




The Naukluft Thrust 
The entire NNe was thrust along a near planar thrust zone. This thrust zone consists of 
distinct lithological units and, when all are present, shows a series with a massive yellow 
dolomite, gritty "Sole Dolomite", foliated and folded calcmylonites and an upper massive 
dolomite unit (Viola et aI, 2006, Miller et aI, 2008) (Table 2). The entire sequence varies in 












Table 2: Naukluft T hru st Zone stra tigraphic unitt (drawn from Vio la ef 01. 2006) Component fin (the 
planar fault) can be found at anJ' horizon within the the th rust zone. Not a ll unit!! are always prese nt and 
the thickneu or each co mpo nent \' Iui~ co nsiderabl:r throughout 
LithologIcal Units Noles 
5 DIscrete Planar Brittle Fault <50 mm thick. can occur at an~ level in this sequence 
4 Massive DolOlmlc Upper unit in thrust zone 
3 Foliated and folded Catcmylonitl'S Isocllnlll Fo lding 
2 Polyrnicl. Gritty Dolomite "Sole Dolomite" (Sec Figs. 3 and 4) 
1 Massive Dolomite Ydlow+\\'cll lhc ri ng 
The "Sole Dolomite" is a gritty layer (Figure 5) thai seems to correlate well wi th the basal 
thrust of the nappe system, but it is not clear that thi s is always the case. The gritty dolomite 
can be observed as injections into calcmylonite, clasts wi thi n the massive dolomite and as 
clasts wi thin itself and is thus probably an indicator of numerous pulses of brecci ation (Viola 
el ai, 2006). 
The laterally pers istent Sole Dolomite unit th roughout the Naukluft is li kely to have some 
effect on the fl ow-paths of the groundwater. It may provide an impermeable layer, 
separating deep aquifers from shallow ones, or it may provide a porous layer in and around 
which water can fl ow. Fracturi ng is ev ident through out the Sole Dolomite and is likely to 
provide conduits for water to be t ansported through the Sole Dolomite (Figure 4). Further 
investi gation of the Sole Dolomite layer as a fl ow regulator should be made in the future. 












Nama Foreland Basin sediments 
The Damaran NNC rocks overlie autochthonous Nama sediments that belong to a platform 
area adjacent to the mobile belt (Behr et ai, 1983). The Nama Group was deposited during 
the assembly of Gondwana in a foreland basin on the craton edge of the Damara, Gariep and 
Saldahna belts, formed because oflithospheric flexure in response to thrust loading (Gresse 
and Germs, 1993). There are three subgroups of the Nama; the Kuibis, Schwarzrand and 
Fish River, the older and lower two units: the Kuibis and Schwarzrand Subgroups crop out in 
the Naukluft area. The Schwarzrand Subgroup generally overlies the Kuibis Subgroup 
conformably (Germs, 1983). Sedimentation in the basin was largely controlled by orogenic 
pulses in the flanking belts. The main sediment contribution to the Kuibis and Schwarzrand 
Subgroups was from the East with only the topmost portion of the Schwarzrand being 
contributed from uplift of the Damaran orogen to the north and west (Germs, 1972; Germs, 
1974). The Kuibis Subgroup consists of dark blue grey bituminous limestones with 
interbedded dark grey marly shales and the Schwarzrand Subgroup consists of dark green 
grey slates and thin dark limestone beds, dark grey limestone, yellow dolomite and brown 
weathering quartzites near the top (Viola et ai, 2006). 
The K/Ar ages of white micas in the folded slates of the Nama, yield ages of 532-537 Ma 
with 535 Ma determined as the age of peak metamorphism (Weber and Ahrendt, 1983). 
Detrital micas dated at 635 Ma in lower Kuibis and up to 567 +- 12 Ma in the upper 
Schwarzrand and Fish River subgroups of the Nama group confirm metamorphism and uplift 
in the Damara and Gariep belts during the foregoing 650- 570 Ma events (Horstmann et ai, 
1990). 
Tufa 
The most recent deposits in the NNC are the often-imposing tufa formations (Figure 6). 
These tufas precipitate out of the waters originating from the extensive network of springs 
throughout the region. Tufa is a calcium carbonate precipitate formed from ambient 
temperature water containing calcium that is then exposed to CO2 in the atmosphere (Ford 
and Pedley, 1996) (Figure 7). In the Naukluft, tufa formations are prolific, forming large 
cascade types (waterfall type setting), barrage types (dam wall type setting) and pool types 
(Viles et ai, 2007; Ford and Pedley, 1996). The tufa formations in the Naukluft are sizeable 
and can reach a thickness of approximately 120 m (Blasskopf tufa) (Figure 6). Viles et al 












hydroclimatic shifts over the last few thousand years by looking at the layers and size of the 
tufa deposits. 
There seems to be evidence from observations in the fie ld, that the massive tufa deposits 
throughout the Naukluft are positioned along large faults and that these fau lt s in the nappe 
complex act as conduit s for the calcium carbonate fluids to flow. This could explain the 
prevalence of tufa deposits in certain areas particu larly on Blasskranz Farm along the C 14 
road . 
Figure 6: Blassko pr tura deposit on Blaukranz 
rarnl (Photo: Duane Fourie) 
Figure 7: Close.u p or Tura growi ng on roots 
(Photo: Duane Fourie)Desert Sands 
To the west of the Naukluft, the vast Namib Desert stretches oul towards and along the coast. 
This vast (80 900 km2) sand·sea has its ori gins dating back to Ihe Tertiary when the climate 
was becoming increasingly ari d. During Ihi s dry phase, the redd ish sand dunes of the 
Tsondab Sandstone Formation were depos ited with slightly consolidated sandstones found 
from south of the Kui seb ri ver in the North all the way down to the Orange River (Christeli s 
and Struckmeier, 200 I). In the subsequent semi·arid phase, the degree of erosion was 
diminished and ca1cerous soi ls fonned on stable surfaces covering most of the plains and 
valleys in the amib (Christelis and Struckmeier, 2001). Then between 10 to 7 Ma with the 
development of the cold Benguela Current, the accumulation of wind· blown deposits of the 
Sossus Sand Formation formed what is known today as the Namib sand·sea (Christel is and 
Struckmeier, 2001). 
2. 1.2 Structure 
The NNe is present as a separate structural klippe with an estimated displacement around 
50· 80 km to the southeast, which overli es the Schwarzrand layer of the Nama sequence 












uplift and internal imbrication probabl y occurred around 480 Ma ago based on the 495 Ma 
age of the mylonites of the Naukluft Thrust which is signifi cantl y after peak metamorphism 
(Behr el ai, 1983, Weber and Ahrendt, 1983). The sediments of the NNe are severely folded 
and defonned consisting mainly of low-angle lystric thrust faults (Figure 9). The entire 
nappe stack is thrust along a near planar, sub-hori zontal "Naukluft Thrust" (Behr el ai, 1983; 
Hannady, 1978; Viola el ai, 2006) (Figure 8). 
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Figure 8: The Na uktuft Nappe Complex (V iola et til. 2006). Diagram !t how~ Nappe Complexes as well as 












Figure 9: Un('o nfo rm it)' and th rusted dolomite beds. 
According to Hartnady (1978), there are six major nappe units (Table J ) and there were five 
defornlationaI events in the structural evolution of the NNC. The first deformational event 
resu lted in the emplacement of Northern Pavian Nappe at approx imately 547± 17 Ma (Weber 
el aI, 1983). D2 then resulted in the emplacement of the Kudu-Dass ie Nappes onto Northern 
Pavian Nappe at around 434±17 Ma (525-537) (Weber el ai, 1983 ; Ahrendt., ai, 1983). At 
around the same time, the folding of the Nama Group along edge of til e Damara Orogen 
began with the formation of slaty cl eavage at the syntectonic peak of metamorphism 
(Ahrendt et al , 1977, 1983). Post D2 and pre 0 3 the lower Zebra River Fm was deposi ted 
onto the BOllspon Fm fonning the imbricated toe of Kudu-Dassie Nappe. During 0 3, the 
Kudu-Dassie appe and the lower Zebra River Fm dismembered into the Kudu and the 
Eastern and Western Dassie appes and the Southern Pavian Nappe, allowing for tilting of 
the lower Zebra Ri ver Fm to occur. Duri ng 0 4• the Upper Zebra Ri ver Fm (the Onis Mbr) 
was deposited and fo lded (Miller, 1983). From around 535 to 480 Ma, the movement of the 
Nappe stack over a lubricating layer, the "Sole Dolomite", began (Miller, 1983). Os resulted 
in the fi nal emplacement of allochthonous NNC on Sole Dolom ite at about 480 Ma (Miller, 
1983). The Nam a Group is overl ain by the rigid NNe causing overturning of the Nama beds 












Table 3: Tectonic and Stratigraphic units ofthe NNe (redrawn from Miller, 1983) 
Tectonic Unit Lithostratigraphic unit 
Klipbokrivier Fm 
KuduNappe " ,,"" ",,', " 
Noab Fm 
'"", - - 41 
Tsabisis Fm 
Northern Pavian Nappe Blasskranz Fm 
" '" " " 
Remhoogte Fm 
Zebra River Fm 
Southern Pavian Nappe 
'" Aubslucht Fm = Q 
= "$f' Q .c: ... Onis Mbr .c: ... 
-= :( Lemoenputs Mbr 
Tsams Mbr Zebra River Fm 






Zebra River Fm 
Eastern Dassie Nappe / < 
Biillsport Fm 
'" = Kuibis Subgroup Q 
= I Q Io.c: Rietoog Nappe ~ ... =.,.c: ... 
B 
= ~- '9 ff -----"-, '$# df /4: M ",++$9#41« 
Tectonic boundary 
U nconformi ty 
Conformable contact 
2.2 Physical and climatic setting 
The water samples collected in this study were from both the Naukluft Nappe Complex 
(NNC) and the surrounding farmlands in a study area that extends north to 23° 49' and south 
to 24° 43' and is bounded in the east at 16° 35'and west at 15° 39' (Figure 14). The 













southwest and approximately 35 km along the width. from the northwest to the southeast. 
The top of the mountain terminates in an extensive peneplain, and rises from east to west, to 
a height of2000 m (Kom and Manin, 1959). To the west of the NNe liesthe Namib Sand 
Sea where most dune types, from barchan to transverse, are present. Most of the older dunes 
on the edge of the sand-sea are more stabilised and in some areas they are fossilised . These 
arid climatic conditions started in the Tertiary, becoming even drier in the late Tertiary 
(between 10 and 7 Ma ago) with the fu ll development of the cold Benguela Current 
(Christel is and Struckmeier, 2001). Since then, the climate has remained arid and only 
interrupted by short wet peri ods during the ice ages in the Pleistocene (Christel is and 
Struckmeier, 200 I). 
I.n the summer season (Jan-March), temperatures on average reach highs of 30°C with lows 
of 15°C (Figure 12). In winter (June-August), the temperature on average reaches highs of 
20°C and the lows drop to around 6°C. The Naukluft area is considered an arid to semi-arid 
region towards the east, with very low rainfall , on average 200 mm/yr (Figures 10 and 11 ), 
and very high evaporation rates around 2000 mm/yr resulting in a net deficit of water (Viles 
el at, 2007). Although this is generally the capacity of rainfall expected in the region , the 
third field season had anomalously high rainfall . In the momh of February 2009, the area 
had already recei ved over 180 mm of rainfall (Solitaire rainfall data collected and measured 
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Figure 10: Al'craJ!C annual rainrall (mm) measured mOlllhly al Bullsllort F~trm rTOm 1950-2007. Erro r 
bars show ltl'c rHge del'iHlion rrom the mea n. The annu al a\'e rHge ninrllil calculHted to be 175.3 0101 al 












The study area is the catchment area for the two large rivers in the region, the Tsauchab 
River in the South and the Tsondab River in the North. It is these rivers, their underground 
paleochannels and the karstic aquifers that are essential for providing fresh water to the local 
population particularly on the outskirts of the Namib Desert in the west. These two main 
rivers flow from east to west into the desert, although it is only on occasion that one can 
witness the water reaching the two vleis, the Tsondab vlei and Sossusvlei, in the desert. 
The vegetation is very sparse in the west of the study area on the edge of the Namib Desert 
and it is only shortly after rains that one will see grass sparsely distributed among the red 
dunes. The grass distribution increases eastwards, reflecting the increasing rainfall gradient 
towards the east (Gunster, 1995). The vegetation changes include the introduction oflow-
lying shrubs and sporadic trees. Large wild fig trees are occasionally present and are most 
often indicative of a year-round water source such as a natural spring or an artesian well. 
The sparse vegetation means that in most areas, the geology is well exposed and only the 
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Figure 11: Average annual rainfall map of Namibia. (SFB 389 ACACIA, 
subproject El, Atlas of Namibia project, 2002) Red square denotes 
location of the Naukluft. 
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Figure 12: Average annual temperature map of Namibia. (SFB 389 
ACACIA, subproject EI, Atlas of Namibia project, 2002) Red square 











2.3 Land use 
Land-use varies substantially throughout the region due to vegetation, geomorphology and 
historical legacies. Subsistence farms dominate the north of the region above the Biillsport-
Solitaire east-west road (the C 14, Figure 1). Larger fams, farming mainly livestock, are 
located in the south and northwest, these farms often incorporate a guest fam component in 
order to provide the inhabitants with another income, which becomes particularly important 
during periods of extended drought. Establishments that are exclusively for tourism (guest 
fams, desert retreats, campsites, hotels etc) occur throughout Namibia, but are primarily 
located on the edge of the Namib Desert in the west of the study region. Large hotel groups 
have bought out and continue to buyout many sub-divided fams in the area, as the area 
becomes better known and tourism becomes one of most important industries in Namibia. 
This change in land-use has also changed the water-usage patterns in the area. Instead of 
water being used solely for human consumption and for their livestock, it is now also being 
used to fill-up swimming pools, water lawns, and wash cars. Considering urban households 
consume three times as much water as rural households in Namibia (Lange, 1998), this 
change in water usage will most certainly put pressure on the current sources in and around 
the Naukluft. 
2.4 Hyd rogeology 
Namibia is one of the driest countries in Southern Africa and an understanding of its 
hydrogeological processes is therefore essential for future development. In general, the 
hydrology of Namibia reasonably well understood (Figure 13). However, detailed 
knowledge on specific regions is lacking, and even less is known about water/rock 
interactions and hydrological flow-paths in relation to the local geology. It is widely 
accepted that the Naukluft Mountains form the catchment area for the surrounding region 
and provide the edge of the Namib Desert with an important water source that drains towards 
the west (Korn and Martin, 1959). However, the hydrological processes at work and the 
relationship between the rain falling in the mountains in the east and the extraction of water 
from aquifers to the west, is not well known. 
As the geology of the NNC is dominated by limestone and dolomite units, the region is 
particularly favourable to the formation of large karstic aquifers. The presence of such 
aquifers provide an excellent source for groundwater above the low pemeable Nama 













Williams (2007) has a distinctive hydrology and the landforms that develops do so because 
ofa combination of high rock solubility and well-developed secondary (fracture) porosity. 
The structure and lithology of the rocks is also important with dense, massive, pure and 
coarsely fractured rocks developing the best karsts (Ford and Williams, 2007). Discharge of 
the groundwater in karsts is usually through springs back to the surface routes (White, 2002). 
Although not all these characteristics have been documented in the Naukluft, the current 
extensive network of springs and the historical knowledge of the exploitation of groundwater 
in the area support the interpretation of a karstified landscape and it is prudent in carbonate 
terrains to assume karst exists unless proved otherwise (Ford and Williams, 2007). 
Karsts in semi-arid and arid regions tend to form slightly differently to those in humid 
regions although usually the same principles involved. The first major difference lies in the 
lack of, and often-patchy nature of soil. This means it is less influential as an infiltration 
governor and as a moisture store (White, 2002 and Ford and Williams, 2007). Since the soil 
supports only a small biomass, it also has reduced significance as a source of CO2 (Ford and 
Williams, 2007). Consequently, the production of solution dolines (downward solution of 
limestone in form of a bowl, cone or depression) is rare and collapse dolines (shafts formed 
by the collapse of a cave roof) are of greater importance although still not common (Ford 
and Williams, 2007). Precipitation in arid regions occurs mainly in short, violent 
convectional storms, favouring flash flooding (Ford and Williams, 2007). This rapid 
delivery of rain followed by the loss of runoff through evaporation, limits the development 
of epikarsts (sub-cutaneous zone forming at the top of the vadose zone, immediately below 
the soil) and often results in the morphology of the landscape taking on a more fluvial 
character (Ford and Williams, 2007). The other important factor to remember when 
considering the development of karsts in arid regions is whether one can ascribe the 
landscape to sporadically repeated modern events or more humid periods in the past when 
karst formation was more favourable (Jennings, 1983a). In the Naukluft, little is known 
about the morphology of underground caves, but the geomorphology above ground exhibits 
the above characteristics. Based on Ford and Williams (2007), description of karsts in arid 
environments, the Naukluft karst displays arid formation characteristics. However, this may 
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3.1 Sampling rationale, locations and distribution 
Water samples were collected from the following sources (Figure 14): 




• Wells (Hand dug wells) 
• Surface water 
• Rivers (the two main rivers, the Tsauchab and Tsondab Rivers) 
• Surface water (smaller tributaries and streams) 
Sample sites were identified by observation and by personal communication with the local 
community and residents. These sources were then investigated and sampled if possible. In 
order to achieve the greatest coverage and best spatial distribution throughout the sampling 
area, as many water sources as possible were sampled in the Naukluft region from as many 

















Figure 14: Sample site distribution in the Naukluft [Map). 1:500000. Roads: DCW (Digital Chart of World), Nasa Satellite Image (ETM), 
ESRI data and maps [computer files). GIS lab, University of Cape Town 2010. Using: ArcGIS [GIS software). Version 9.3.1 Redlands, CA: 













r: 60 ... 
E 50 • ~ 
'Q 40 











surface: rivCl" water spring water pr<:<:ipltation IICU 1131LT 
II ater II aler 
SlImpll' " ),pI' 
Figure 15: Type a nd num be r of sa mples collected. 
Samples were collected in four field camps in both the wet and dry seasons over two years in 
order to assess any seasonality in water composition and amount of water present. The 
samples were collected in March 2008 (rainy season), June-Jul y 2008 (dry season, season 2), 
February 2008 (rainy season, season 3) and Jul y 2009 (dry season, season 4) (Figu,e IS). 
The samples were labelled according to the type, location and sam ple season in which the 
sample was collected, The sample name begins with the loca ti on (NK=Naukluft), fo llowed 
by the year of sample collection (08109), the fie ld season it was collected in (2, 3,4), the 
sampl e Iype (B=Borehole, S=Spring, W=Well , R=Tsondabrrsauchab Ri ver. A=Surface 
water . P=Precipitation) and then it is ended with a small letter 10 denote what analysis the 
sample was being collected for (a=oxygen and hydrogen. b=DIC, c=cations, d=anions, 
g=carbon dating and h=nitrates). An example would be NK08-2B45a, this sample was 
collected in the auk luft in 2008 in the second field season from a borehole numbered 45 
(numbers do not relate to any specific borehole numbers but were allocated in order of 
collection) and is collected for oxygen and hydrogen analysis. Some samples were also 
indexed according to the farm or lodge name, Instead ofNK, a few samples were prefixed 
with an abbreviated version of the properly name, An example is NNL09-3 8 lOa, NNL 
being an acronym for Namib-Naukluft Lodge. This was done on occasions when samples 













3.2 Sampling methods 
Where samples were collected from each location for different purposes, the protocols 
followed for each were slightly different (Figure 16). All collection vessels for samples 
intended for dissolved inorganic carbon (DIC) isotope analysis were acid washed with 1% 
HN03 and allowed to stand overnight. These bottles were then rinsed with de-ionised water 
and allowed to stand overnight before final rinsing with de-ionised water and drying. All 
collection vessels were rinsed with the water sample that was about to be collected prior to 
filling and sealing the vessels. 
Water samples for oxygen and hydrogen isotope analysis were collected directly from the 
source and added straight to 25 ml glass bottles using a sterile 60 ml syringe. In the third 
season, a duplicate was collected in a clear 60 ml high-density polyethylene (HDPE) nalgene 
bottle for oxygen and hydrogen analysis at the University of Lausanne (UNIL). Water 
samples for DIC analysis were filtered through 0.45 11m cellulose acetate filters into the acid 
washed 25 ml glass bottles. Bottles were filled so that no air was present and then sealed 
with tape and stored at ~4 °C until analysis. In the third field season, one amber 60 ml 
HDPE nalgene bottle and two 25 ml glass bottles were collected for DIC analysis for 
triplicates to be analysed at the University of Cape Town (UCT) as well as at the UNIL. The 
HDPE nalgene bottles were used in the third season for ease of transport to Switzerland, 
preparation and storage of the vessels was the same as for the glass bottles. Samples for 
cation and anion analysis were collected in blue-capped 50 ml polypropylene (PP) sterile 
bottles. Samples for both cation and anion analysis were filtered using a 0.45 11m cellulose 
acetate filter and then 1 ml of 65% HN03 was added to the sample for cation analysis. The 
anion samples were stored at ~4 °C until analysis. 
In situ alkalinity analysis at the source of the water was done by titrating with bromocresol 
green-methyl red indicator and adding H2S04 (1.6 molar for groundwater samples and 0.16 
molar for rainwater samples) using a Hach digital titrator. Bromocresol green-methyl red 
indicator was used instead of Phenolphthalein, as the bicarbonate alkalinity was equivalent to 
the total alkalinity for Phenolphthalein. Alkalinity is determined by titration to an end-point 
of pH 8.3 and indicates the total hydroxides and one-half the carbonate present (Hach digital 
titrator manual). 1n situ measurements of pH, T (temperature) and EC (electrical 
conductivity) were measured using an ExTech instrument probe (Waterproof ExStik® II 












digitally by the probe, using the known relationship between salinity and EC, and TDS and 
EC at 25°C. The TDS value is determined by multiplying a conductivity reading by a 
known ratio factor. The meter allows for selecting a conversion ratio in the range of 0.4 to 
1.0. The ratio varies with the application, but is typically set between 0.5 and 0.7 (Extech, 
Waterproof ExStik® II pH/Conductivity Meter, User's guide). For salinity, this ratio is fixed 
at 0.5. 
Table 4: Table showing precision of ExTech ExStik probe (Waterproof ExStik@ II pH/Conductivity 
Meter, product data sheet) 
Range Max Resolution Basic Accuracy 
Conductivity o to 199~S!cm, 200 to O.I~S cm ±2° oFS 
1999~S/cm, 2.00 to 
19.99mS/cm 
TDSSalinity o to 99.9ppm (mg/L), 100- O.lppm (mg L) ±2° oFS 
999ppm (mg/L) 
1.00 to 9.99ppt 
pH 0.00 to 14.00pH O.OlpH ±O.OlpH 
Temperature 23 to 194F (-5 to 90C) O.IF =c ±1.8'F I =c 
Two ExStick probes were in circulation throughout the sampling seasons and therefore in 
order check their accuracy, in situ comparative analysis was conducted on a number of 
samples in our third season using both probes. Our inter-probe correlation showed that out 
of27 tests, pH showed an average standard deviation ofO.1pH, EC cr=34.02IlS/cm (All EC 
values to follow are IlS/cm, reported in the text as IlS) , temperature cr=0.29°C, TDS 
cr=30.47mg/L and salinity cr=14.22ppm. 
Samples collected from boreholes or wells were collected as close to the source as possible, 
through taps or pipes, or directly from the borehole itself, if possible. Where possible, the 
depth to water of the water in the borehole or well was measured using a dip meter. This 
reading also was used to determine drawdown as the water was bailed from depth using a 
Teflon bailer. Where a pump was connected to the borehole, the water was purged 
equivalent to twice the borehole volume or until a steady state (pH, EC) was achieved, after 
which a sample would be collected. Windmills, solar powered electrical pumps and pumps 
connected to generators were all encountered and sampling strategy varied according to the 












close to the source as possible and at depth. Rainwater was collected in large, shallow 
plastic 10 L buckets placed at height to prevent soil splash back. The water was collected 
immediately after the rainfall event and bottled and stored appropriately. Rivers were 
sampled when possible (mostly in summer) when they were flowing and in the deepest 
channels. For samples with high sediment load, samples were collected in 500 ml nalgene 
bottles, the water was syringed from the top of the bottle, and filtered as soon as possible 
thereafter. 
3.3 Analytical procedures 
Analysis of all the samples was completed as soon as possible after collection at UCT using 
the extraction lines in the stable isotope laboratory. The samples collected in the third 
season were also analysed at UNIL in Switzerland. 
At VCT, the CO2 equilibration method of Socki et al (1992) of evacuating 7 ml glass vials 
was employed for oxygen isotope analysis. About 0.5-atmosphere medical grade CO2 was 
equilibrated with 2 ml of water for two hours at 25°C. For hydrogen isotope analysis, 
reducing the water to H2 requires using 2 mg of water in a micro-capillary tube in a glass 
break-seal tube containing a 100 mg of "Indiana Zinc" (Schimmelmann and DeNiro, 1993; 
Coleman et aI, 1982). The tube is then attached to the vacuum line and the sample is frozen 
with liquid nitrogen and then evacuated and sealed with a torch. Once a number of samples 
have been prepared, the tubes are placed in a furnace at 450°C to reduce water to H2. Stable 
isotope analysis of DIC had never been processed at VCT prior to this study. The method 
involved the addition of 100% phosphoric acid to 2 ml of water and allowing it to react for 
two hours at 25°C and then extracted using the carbonate line using the method of McCrea 
(1950). Isotope ratios of CO2, H2 and ol3C-DIC were measured using a ThermoFinnigan 
DeltaXP mass spectrometer in dual inlet mode, and the fractionation factor between CO2 and 
O2 was assumed to be 1. 0412 (Coplen, 1993). Data are reported in the familiar 0 notation 
relative to SMOW (standard mean ocean water) (oxygen and hydrogen) and PDB (Pee Dee 
Belemnite) (carbon) where 0 = (RsamplelRstandard- 1)*1000, and R = 1801160, DIH or 
13C/12c. 
The standards VSMOW (Vienna standard mean ocean water) and SLAP (standard light 
Antarctic precipitation) have previously been analysed to determine the degree of 
compression ofraw data and the equations of Coplen (1993) were used to convert the raw 












against VSMOW and SLAP, and independently analysed, was run with each batch of 
samples and used to correct for drift in the reference gases, its 8D= -7%0 and 8180= -1.95%0. 
Evian water, which has 8D and 8180 values of -73.1%0 and -10.2%0 respectively 
(Spangenberg and Vennemann, 2008) was used as a secondary standard. The vast majority 
of samples had isotope compositions between that of Evian Water and CTMP3. The 
average deviation between duplicates of the VCT internal water standard CTMP3 run 
throughout was 0.04%0 for 0 (n=16) and 1.03%0 for H (n=18). For the secondary internal 
standard Evian, the average deviation between duplicates was 0.07%0 for 0 (n=14) and 
0.64%0 for H (n=20). The internal standard for DIC was dissolved NaC03 of known 813C 
value measured at VCT with an accepted value of -4.68%0 for C ofDIC (c. Harris pers. 
comm., 2008). The standard was prepared fresh with each batch of samples, with a known 
and constant concentration ofNaC03. It was run throughout and had an average deviation 
between duplicates of 0.08%0 for C ofDIC (n=40). 
The samples from the third field season were primarily analysed at the UNIL, Switzerland. 
Oxygen isotope analysis was analysed on the continuous flow Gas Bench and then measured 
using a ThermoFinnigan Deltap1usXL mass spectrometer. The sample block was kept at room 
temperature and approximately 0.8 ml of water was pippetted into glass vials. A 
combination of He-C02 flushed the vials with 30 mllmin flow (0.5% CO2 in He for 4 
minutes, displacing air) and was allowed to equilibrate for 24 hours. Hydrogen isotopes 
were analysed using the H-Device and measured with the Finnigan MAT Delta V plus dual 
inlet mass-spectrometer. The reactor was pumped out under vacuum and heated up in steps 
of 100°C, up to 800°C. Water samples were pipetted into 1.5 ml crimp-top vials, closed and 
then analysed. DIC was analysed on the continuous flow Gas Bench and measured with the 
ThermoFinnigan Deltap1usXL continuous flow mass spectrometer (Spotl and Vennemann, 
2003). The sample block was once again kept at room temperature. Approximately 5 drops 
of 100% H3P04 was pi petted into the glass vials and the vials were flushed with 100 mllmin 
flow of He for 4 minutes to displace the air. The water samples were then added with a 5 ml 
syringe and allowed to react for 1 hour. The majority of the samples required between 0.8 
ml to 1 ml of water, however for precipitation samples, with very low DIC content, 
approximately 3 ml of water was required. 
At UNIL, a pure carbonate Carrara Marble standard was interspersed throughout DIC 
analysis and had a standard deviation of 0.08 for 813CDlC (n=32). Oxygen and hydrogen 












17.0%0, 00 =-114.0%0), LlPE (bottled water) (0"0 =-8.5%0, 00 =-54 .8%0), and MOW 
(Mediterranean Ocean Water) (0" 0 =0.4%0, 00 =3.4%0), an additional standard SCH (bottled 
water) (00 ~ 123.7%0) was al so used for hydrogen. INH had a standard deviation of 0.1 1%0 
for 0 (n=30) and 0.3%0 for H (n=36). LlPE' s average deviation was 0.06%0 for 0 (n=20) 
and 0.4%0 for H (n=36) . The average deviation of MOW was 0.03%0 for 0 (n= 18) and 0.2%0 
for H (n=36). SCH had an average deviation of 0.4%0 for H (n=9). 
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3.3. 1 Comparisoll betweell UCT alld UNIL data 
The samples collected in the third season were analysed on the gas bench at U lL and 20 
sampl es were chosen at random to be duplicated at UCT to determine the agreement between 
the differing laboratories. This assessmen t was vilal as samples were collected from four 
differem seasons and in order to compare data from the different seasons, the different 
analyti cal approaches had to be com parab le. The samples analysed in both laboratories 
showed a very good correlation indicating a high confidence in the accuracy of the results in 
the study. For 0180 and oD of UCT and UN lL the Pearson' s Product Moment Correlation 













correlation. The significance of this correlation then had to be tested. An F-test was then 
performed to determine if the variances were equal or not, so the appropriate t-test for that 
data could be used to determine the significance of the correlation. The F-test showed equal 
variances between the two data sets (Fcalc<Fcrih therefore accept null hypothesis of equal 
variances). Then a t-test for equal variances was performed and tealc <terit therefore the null 
hypothesis, that the correlation was statistically significant, was accepted for 0180, oD and 
013C from the two laboratories. In Figures 17-19, oD, 0180 and 013C from VCT was plotted 
against the oD, 0180 and 013C from UNIL. Not only is the correlation good (oD: r=0.9974, 
0180: r2=0.9988, o 13CDIC: r= 0.9291), but the offset is also small. The correlation is slightly 
worse for the DIC as carbon is much less abundant than oxygen and hydrogen in water and 
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A linear relationship exists between 0180 and oD values of the majority of waters of 
meteoric origin. Craig (1961) characterized the Meteoric Water Line (MWL) which defined 
all modem meteoric water, with an equation of oD= 80180 + 10. The "deuterium excess" 
produced by kinetic effects during the evaporation of an individual sample, can be defined 
by an equation 'd'=oD-80180.(Criss, 1999). Local Meteoric Water Lines (LMWL) can have 
different intercepts and slopes, due to differing kinetic effects during evaporation of 
individual samples (Criss, 1999). In arid regions, where waters undergo intense evaporation, 
kinetic effects are stronger and the deuterium excess in each sample is thus much higher 
(Sharp, 2007). 
The 0180 and oD values for all four seasons from all sources have values that are between -
8.0%0 and -4.0%0 and between 25%0 and -95%0, respectively (Figure 20). All the samples 
collected during the wet and dry seasons have values that plot close to the Global Meteoric 
Water Line (GMWL) with an equation of oD= 7.070180 + 4.28 (the 'local MWL') (Figure 
20). The LMWL (ie. the line of best fit) was calculated using the Reduced Major Axis 
(RMA) regression method (used in order to account for errors in both variables) from the 
mean values of each sample site. The slope was calculated by m = s x -;- Sy and the y-
intercept calculated from b = Y - mX. The similarity of this LMWL to the GMWL allows 
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Figure 20: 6180 "s. li D ror all samples. Graph shows relationship of the l..MWL to the Gl\1W L 
4.1 Precipitation 
A total of 15 precipitation samples were coll ected from the two summer (wet) fi eld seasons 
(March 2008 and February 2009). Although all Ihe samples were analysed for DIC, Ihe CO, 
values were too low « 1 flm ol CO2) in the precipitati on samples to measure the ole 
accurately. The average 6180 for all the preci pi tat ion samples was -2.2%0 (n= 15), but there 
was one anomalously negative 6 180 value of -14.5%0 and 50 value of -95%0 (Figure 21 ). 
Thi s sample (P 130) was coll ected in February 2009, during a torrential rainstorm and was 
the most northerly rain sample coll ected. The BO average was -9%0 but the total range was 
very large from 25%0 to -95%0, although BO is naturally variable. The precipitation samples 
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Figure 21: 0"0 n . 00 for all precipitation samples. March 2008 data falb on an c\'apO ralion I~nd with 
an equation 00=.1.5011'0 +5.5. Feb ru lt~' 2009 data lies along the GJ\1WL 
The 5180 and SD data of the precipitation samples collected in March 2008 show correlation 
with a shallower slope (6D~ 4.56180 + 5.5), compared to the GMWL (Figure 21 ). 
However, thi s trend is nOI seen in the data from February 2009, where the data follows the 
GMWL closely. 
Actual dail y temperatures and amount of rainfall in anyone event were not recorded during 
thi s study. It is suggested that any future studies in the area should definitely consider these 
measurements as vital. A morc comprehensive knowledge of precipitation in the area wi ll 
help in gaining a belter understanding of the fractionation effect affecting the isotope values 
and in turn, help to distinguish rainfall that is recharging the aquifers from rainfall that is not. 
Average monthly amounts of rainfal l (mm) were however, used to estab li sh any variations in 
&180 and &0 as a resuh of the amount of rain in any month (Figures 22 and 23). It is 
evident that both &180 and &0 values are significantly less negative when there was less rain. 
The average &180 value was 1.60/00 in March 2008 (average March rainfall=36.4 mm). Thi s 
value was sign ificantl y more negati ve in February 2009, with an average value of -4.0%0 












value of 12%0 in March 2008 and -20%0 in February 2009. This is in-line with an 
understanding of isotope fractionation, where an increase in rainfall would result in a 
decrease in the heavier isotopes relative to the lighter isotopes resulting in more negative 
delta values of hydrogen and oxygen .. 
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4.2 G roundwater 
S 
Groundwater samples made up by far the bulk of the samples collected (235 over all four 
fie ld seasons). Boreholes, well s and natural springs were collection points . Boreholes were 
more frequently sampled, as they were often more accessible, well s were far fewer and often 
too contaminated by organic matter to sample. Spring samples were sought out, as finding a 
year-round water source in an arid region such as the aukluft is rare and it is therefore 
important to ident ify its properties and to define its source. 
The 0180 values of all the groundwater samples over all four seasons showed very little 
variation with most values between -9%0 and -4%0. All 0180 values from all underground 
sources were negative. oD val ues of the groundwater over the two years also varied little 
wi th the maj ority of samples having values between -60%0 and -30%0. 
There is very little evidence for any change in delta values of the groundwater samples with 
topographical height (measured with GPS). Figures 24 and 25 show no di scernable 
correlation with altitude, except for a few discrete sam ples encircled in red (Figure 24). The 












isotopes analysed, the strongest correlation was in the BD values from Jul y 2009 with an r-
value of -0.97 indicating a strong negative li near relationship as indicated in Figure 24. A 
signifi cance test, with a null hypothesis assuming no linear relati onship, was then performed 
on the r-value. It was establi shed that teak> 1m!. therefore rejecting the null hypothesis and 
accepting that the linear relationship is stati sticall y significant.These samples, collected in 
Ju ly 2009; B33, B34, B32, B35, B69, B70, B65, in order of increasing altitude (Figure 24), 
are all samples that were collected from the edge of the Namib Desen . 
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Figut~s 2.& and 25: Plot of oD (Fi gure 2-1) and OUtO (Figure 25) " ,. altitude (m) of a ll groundwater 
sample!. The red circle in Figure 23, indicatcs a sci of ~amJlles s howln~ a good co rrelation bclween oD 
and height 
The groundwater oxygen and hydrogen delta values show no correlati on with EC (~S) 
(Figures 26 and 27). The majori ty of samples cluster between 500 and 2500 ~S with very 
litt le vari ati on in 6180 and BD. There are two samples (8 133 and 81 46) with anomalously 
high EC values of 3790 ~S and 52 10 ~S , respectively, Sample B 133 was coll ected in July 
2009 from a si te on the road into Sossusvlei (Figure 14), where the water was reponed to 
have a funny taste. Interestingly. thi s sample site was tested in prior field seasons and 
although the EC values were high, thi s was by far the highest Ihey had been. Sample 81 46 
was collected in February 2009, from the construclion site ofa new guest fann, the water 
was particularly murky and had a nitrate value of >50 mgldmJ (measured using nitrate test 
strip) . As salini ty and TDS were calculated from EC (see methodology), it is only necessary 
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Figures 26 and 27: Piol of li D (Figure 26) and 6180 (Figure 27) \ '5. EC (",5) of all groundwater sa mllics. 
Two anomalously high [C l'a lues B 133 a nd 81-&6 han been la belled 
The sUe ofDIC for all groundwater samples throughout the seasons al so had only negative 
values, the majority falli ng between values of -13%0 and -7%0 (Figure 28) , The very small 
variation orall three stable isotopes from the di siinci groundwater sources over the different 
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Borehole water had the mOSI negative 0180 and 50 values of all the samples collected, with 
average values and standard deviations of ·6.8%o± 1.0 and -4S%o± 7, respectively (n= 199) 
(The mean and standard deviation of all samples coll ected throughout the project duration) . 
The average values of all stable isotope values from all four seasons do not vary much 
«0. J 7%0 for 0 and <2%0 for H), with no di stinct seasonal changes (Figure 29), All standard 
deviations for the borehole sampl es were low (1 .0%0 for 0 and 7%0 for H). The oUe of the 
o le of the borehole water had an average value of -9. 7%0 (n= 199), which is on par with all 
the rest of the samples collected. No di stinct seasonal variat ions in oDe values were noted. 
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Figure 29: 01110 ' "lI. 00 for all borehole and well sample 
4.2.2 Wells 
Due to the very small number of well point samples coll ected (n=5), very little signi fi cance 
can be attached to the data . The average 0 '80 , 00 and oDe values from both June/July 2008 
and February 2009 are reasonably simil ar, however July 2009 data has markedl y less 
negative values for 6 ' 80 , 60 and oDe Ihan all prior fi eld seasons. The average values and 












and SO values of the well s (Figure 29), are less negative than bOlh the borehole and spring 
water data. 
4.2.1 Sprillgs 
The spring water collected (n=3 J) had similar values to the borehole data, with negative 0180 
(-6.S%o± I.5) and 6D (-42%O±lO) average values. The 6D means of June/July 200S (-
44.6%o± 11.5) and Jul y 2009 (-43 .S%o±S.S) (winter seasons) showed similarly more negative 
values than the summer season means (-3S.6%O±20.2 and -40.9%o±9.S for 200S and 2009 
respecti vely), although thi s seasonalit y was nOi evident in the 0180 val ues (Figure 30). The 
S13C01C val ues showed values that are more negat ive in the summer seasons as compared to 
the winter seasons (See Appendix I). The average 013C and standard deviation was-
I O.2%O± 1. 7, which is slightl y more negati ve than all other samples collected. 
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Groundwater sam ples on a whole, showed the least variability over seasons and between 
sample sites. The average 6180 , OD and O\3C values for all the groundwate r sampled over all 












4.3 Rivers and Streams 
River and stream water samples collected refers to the two main rivers in the area, the 
Tsondab and the Tsauchab Rivers (labelled Rivers) as well as the smaller tributaries (labelled 
Surface Water) that run throughout the region. The total sample numbers are often very low 
in the case of the Tsondab River, as throughout the dry winter seasons (June/July 2008 and 
July 2009) this ephemeral river dried up and it was not possible to collect any samples. The 
Tsauchab is however, at a certain point in its course, supplemented by a natural spring, 
which allows one river sample to be collected in the dry, winter season although its isotope 
signature is likely to be closer to that of spring water. The surface water collected that is not 
from the two main rivers also dwindles in the dry season. However, sample locations within 
the Naukluft mountains often provide a year-round source, even if the source is significantly 
smaller than in the wet, summer months. 
A total of 69 river and stream water samples were collected over the field seasons, the 
smaller tributaries (surface water) making up the bulk of this total. 
The 0180 and oD of all the river and stream water samples collected showed a greater 
variation in values compared with groundwater samples, as one would expect with sources in 
open systems (standard deviation for all rivers and streams = 2.7%0 for a and 18%0 for H). 
The 0180 values were also grouped between -9%0 and -1 %0, however three positive outliers 
were also observed. These outliers were all collected from discrete sources (2A57, 2A22, 
2A97) and all collected during the second field season. They all plot on the evaporative 
fractionation line. The oD values spread from -55%0 to -10%0, again with a few positive 
outliers. 
Table 5: Table of stable isotope statistics of all river and stream samples. 
8180 80 OI3C 
Average -5.0 -32 -9.4 
Std dev 2.7 18 2.9 
Max 6.6 29 0.3 
Min -8.2 -59 -18.5 












The EC values from all the river and stream water samples in the dry winter seasons showed 
very little variation with varying oxygen and hydrogen delta values. In the wet summer 
months, this variation was much greater (Figures 31 and 32), The summer season data 
seems to show a weak correlatjon, indicating increasing EC values with more negative 6D 
and 0180 values. 
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Figures 3 1 and 32: Varia tion in [C (f15) \'S . lin (Figure 31) and a"o (Figure 32). Ver~' weak co rrelation, 
the more negath'c the dell a \'a lues become the greate r the [C "a lues bet'ome. T his g rap h clearly 
indicates a g reate r ntriation in EC in the rainy summer months, 1\1Itrch and rebru a r~' 
The oDe values varied much less throughout the sampling seasons. The bulk of the samples 
have values berween - 12%0 and -4%0 (Figure 33). There is one anomalous positive value 
(0.3%0) which was coll ected during the second field season from a wat.erfall (A22). This 
sam ple was collected in three sample seasons and in all three it yielded hugely varied oUe 
values of the ole. It is likely that this is a natural anomalous value, its variable values are 
indicative of its location, i.e. water taken from a waterfall where the amount of water varies 
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4.1.1 n,'uuchab and n.·ondab Rillers 
The Tsondab and Tsauchab Ri vers have significantly less negative 0 180 and 5D values in 
comparison to groundwater, but are still more negati ve than the local precipitation at the time 
they were sampled ( Figu re 34), The values were al so higher than other surface water 
samples taken from the smaller tributaries. It is difficult 10 draw any conclusions with regard 
to seasonality as onl y one sample was collected during each or the dry, wi nter seasons. 
When specifically examining this sample site (R38 : located in the south of the study area, 
mid-course along the Tsauchab ri ver), it shows extremely similar values in June/July 2008 
and July 2009. Whereas the samples coll ected during the wet summer, seasons show far 
more variation . The average values of the two ri vers over the three seasons was 0180 = . 
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4.3.1 Small tributaries 
The smaller tributaries (surface water samples) (n=59) are most commonl y located in the 
NNe and were often year-round water sources. The surface water samples show by far more 
variability between sample types and sampl e sites than the groundwater samples showed. 
The data show more negative average values than that of the IwO major ri vers with an 
average and standard deviation OfOl80 = -S.3%O±2.8 and an average and standard deviation 
of oD = -35%o±18 however, the data fall s in a range of -8.2%0 and 6.7%0 for 0"0 and -59%0 
and 29%0 for 00 . 6 180 values are on average less negative in the winter months; however, 
this is not seen in average oD values. olle values are also less negative in winter than in 












Table 6: Table indicating statistics form all the smaller tributeries sampled. 
ave 
stdev ave 3180 stdev 3180 ave 3D stdev 3D 313C-
Season n 





1 March 2008 10 -4.9 2.11 -29.8 15.59 -9.5 2.16 
Winter (Dry) 
2 June/July 2008 17 -4.6 4.10 -34.6 26.05 -8.8 4.22 
Summer (Rain) 
3 Feb 2009 20 -6.1 1.81 -36.3 14.12 -10.9 1.36 
Winter (Dry) 
4 July 2009 12 -5.3 2.39 -37.6 13.95 -8.0 2.48 
ave 
All Surface 3180 ave 313C-
water data: (%0) -5.3 ave 3D (%0) -35 DIC (%0) -9.4 
stdev stdev 
3180 313C-DIC 
59 (%0) 2.8 stdev 3D ("") 18 (%0) 3.0 
In June/July 2008, a few surface water samples plot on a shallower slope (80= 3.68180 + 
4.4) as compared to the GMWL, in much the same way as precipitation samples from March 
2008 plotted on 8180 vs. 80 graph (Figure 35). Samples from July 2009, plot on a much 
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Figure 35: /)1110 "S. 00 for :tll stream water samples from small tributa ries 
The majority of surface water samples from all four seasons show 8180 and &0 values 
decreasing wi th increasing altitude (Figures 36 and 37). This trend would most likely be 
echoed in the precipitation values collected, but not enough altitude measurements were 
taken with precipitation samples. 
A few samples are observed to have interesting 8D and 5 180 values when plotted with 
altitude. Sample A43 collected in the south, from the Tsauchab Ri ver is fed by a natural 
spring that allows the river to flow all year. In all the seasons, except during the heavy 
rainfall in February 2009, sample A43 has significantly more negative 80 and 0180 values 
with very little variation between seasons. Samples AS7 and A22 both come from Oie Valle 
area. AS7 was coll ected high on the plateau from a pool feeding the waterfall and A22 was 
collected on the same watercourse at the waterfall at the bottom of the valley. Although they 
have less negative 0 values (0 180 of 0.10/00 and 6.6%0 and 80 of 5%0 and 29%0 for AS? and 
A22, respecti vely) they 100 correlate well with altitude. The Pearson r-value for 8180 and 
80 values from all seasons indicated a strong negat ive linear relationship all values <-0.77 












.. .... 3"> ._ 
1000 o\;-"",,-;;;-~--,!;;d ~ )"----;;-~~~___}. 
-60 ~ :JIY 0 20 40 








~~ .. . -:-, 





• t.Ia',~ oe · ...... 
• ftlo')9 · .. " 
'-" • 
FigureJI 36 and 37: 00 (Figure 36) and 0180 (Figure 37) "S. altitude of surf lice wale r samples in the 
NaukJurt. L.abelled sample indicate samples tha i do nOI show IIn~' correlation 
The ri ver and stream samples show far more va riability between sample types and sample 
siles than the groundwater samples showed. Ri ver and stream water samples show no 
sign ifi cant relationship to the precipitation data. 
4.4 Seasonal Variations 
Seasonality might be expected in an area with a climate such as is experienced in the 
Naukluft . The stark contrast between the dry winters and the wet summers is gloriously 
observed in the fi eld when the brown, tough grasses miraculously turn deli cately green. Thi s 
onset of the rains however does not seem to affect the isotope values of the auk luft 
aqu iferls as might be expected, in fact, groundwater samples overall showed the least 
variation over the seasons. 
4.4. 1 /jD "s. /j"O 
Two groups of samples can be observed in the data from all four seasons. A group labelled 
• A' for ease of comparison, li es on the negati ve end of the GMWL and contains the majority 
of groundwater samples, with the bulk of boreholes and spring water samples plotting values 
of 0180 between -8.0%0 and -6.0%0 and 50 between -40%0 and -50%0 (Figures 38-41 ). 
Outside of ' group A' , at higher 00 and 5 180 va lues, the majority of river and rain water 












seasons (June and July) of 2008 and 2009, only group ' A' seems to be present, wi th all 
samples clustering at the negative end of the GM WL and only a limited few with higher 0 
values, 
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Figurell 38 and 39: 00 \'11 . 0"0 from the rain~' Seltsons (Figure 37: March 2008 and Figure 38: Febru a r~' 
2009). C roup A is labelled in the circle. An e\'aporation trend with It slope of ~.5 i5 obse n 'ed in 
precipita tion !a mple~ in March 2008 
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4.4.2 ,P C VS. 0" 0 alld oD 
An examination of oUe val ues compared with 6D and 6180 values shows no strong 
correlation (Figures 42-46), with Pearson r-values close to zero. Variation in oUC from 
season 10 season seems 10 be very small . Larger variati ons are seen in 6D and 6180 , 
parti cularly in the wet summer seasons. Spring water samples indi cated more negati ve 6D 
values in the win ter season and more negati ve 6]JCoic in the summer season, however the 
variati ons between the seasons are nOI significant (6D sldev=3%o and OJ)Cole stdev=O.9%o). 
The fi rst fi eld season data in particular indicates that the highest percentage ole occurs in 
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The factors that influence recharge processes will be investigated and an attempt will be 
made to characterize the aquifer/s in the region. The characteristics of the 8180, 8D and 813C 
values will be examined in detail with the range of values, the spatial distribution and the 
seasonal variation of these values, all adding to our understanding of the aquifer/s and the 
recharge processes. The stable isotopes of the water in the Naukluft will then be compared 
to other karstic and arid regions, establishing whether the 8180 and 8D values lie along the 
same MWL and whether the data fall within a similar range of 8180 and 8D values. In 
comparing 813C values of the groundwater in the Naukluft to other areas, it is hoped that the 
water/rock relationship, in the Naukluft can be better understood and the flow-paths and 
aquifer/s further characterized. 
5.2 Stable isotope characterization of Naukluft waters 
In order to understand recharge processes in the Naukluft and the aquifer/s involved, it is 
important to understand the variations in the stable isotopes of the waters identified in 
chapter 4. The stable isotopes of the surface- and ground- water in the Naukluft Region vary 
spatially, with altitude and latitude, and seasonally, whereas the precipitation samples, vary 
with the amount of rainfall. The variation and range of these stable isotopes, a result of the 
hydrological processes in the Naukluft, may help to understand the recharge processes and 
characterize the source of the groundwater. Climatic variations are thus critical to an 
understanding of the role the above variables play in the stable isotope values, and it is 
important that these are known or approximated. 
Although daily temperatures in the Naukluft during sampling were not recorded and the 
amount of rainfall in each event was not measured however, this information would only 
provide a short-term picture during the two-year sampling program. In order to give a 
reasonable idea of expected 8180 and 8D values and their relationship with temperature and 
amount in the area, the average monthly values of the amount of precipitation and the 
average temperature and 8180 and 8D values for Windhoek, the nearest region with long-
term data (IAEA, 1997; Station 6811000, Windhoek, (1961-1986)) have been used (Figure 












funher compari son (E. Sauber, pers. camm., 2008) and the two data sets correl ated with a 
coefficient of 0.97. It is evident that despite the high overall amount of rainfall in Windhoek, 
the seasonal effect oramaun! ofrain is the same. Temperatures in both Windhoek and the 
NaukJu ft are al so comparab le (Figure 12). The 0 180 values of Windhoek rainfall range from 
-6.1%0 to 2.6%0 and 5D from -28%0 to 38%0, whereas the 5"0 values of the Naukluft 
precipitation, shows a much larger, albeit overlapping, range wi th 5180 values from -14.4%0 
to 4.3%0 and 5D values from -95%0 to 25%0. However, it is important to nole that the 
Windhoek data are the average for 25 years (over 20 years ago), whereas the Naukluft data 
are a small sample-set (n= 15) and is only representative of two rainy seasons. The weighted 
average 15 180 and SO values for Windhoek, with respect to the amount of precipitation, is-
3.7%0 and -1 8%0. respecti vely. 
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Figure -16: A,'erage month I)" "alue! or; amount or precillita lion. ann gc temperature and 5180 and 50 
Vil lucs ror Windhoek (196 1- 1986) (lAEA, 1997: Station 68 11000, Windhoe k). Anrllge monthly amount 
or rainfall a t Bullsport also plotted (E. Sauber, pers. co mm., 2008), J uly 5180 and 50 l'll lucs we re not 
Itl'ailable It! there was not enough rain i.n this month o, 'e r a ll 25 years to analyse, therefore J ul:,' data 
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The precipitation data from Windhoek indicate a decrease in 0180 and 00 values with an 
increase in the amount of rainfall (Figure 47 and Table 5). The correlation of 8180 and 00 
with temperature is not as well defined but the data seems to indicate a decrease in 0180 and 
00 values wi th increasing temperature. This is a reversal of the normal temperature effect. 
possibly a " monsoon effect", where the heavy monsoonal rains show a depletion in 180 as an 
effect of increased temperature (Cerling, 1984) , The proximity and sim ilarity in altitude and 
latitude of the Naukluft Region to Windhoek (± 200 km), suggest that the Naukluft 15 180 and 
6D precipitation data wou ld reflect si milar relationships with temperature and amount of 
precipi tation . Qualitatively, this amount effect has been observed in the precipitation 
samples from the Naukl uft , although the increased amount of rainfall in Windhoek would 
result in more negative average B180 and BD values than are observed in the Naukluft. The 
average Windhoek B180 and BD values are ·6.1 %0 and -25%0 for February and -4 .6%0 and-
27%0 fo r March, respectively_ In the Naukluft, the B180 and BD values are -4.0%0 and -20%0 
for February and 1,5%0 and 12%0 for March, respecti vely . 
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Table 7: Average monthly amounts of rainfall, 8D values, 8180 values and temperature for Windhoek 
(1961-1986) (lAEA, 1997; Station 6811000, Windhoek). 
Amount on 1)180 Temperature 
Month (mm) (%0) (%0) (DC) 
J 84 -23 -3.7 23 
F 90 -25 -6.1 22 
M 82 -27 -4.6 21 
A 36 -15 -3.1 19 
M 7 -3 -1.7 16 
J 1 38 0.0 13 
J 0 14 
A 1 -1 -1.7 16 
S 6 2 2.6 20 
0 14 11 0.5 22 
N 35 3 -0.4 23 
D 29 -16 -2.5 24 
5.2.1 Seasonality 
On the overall Naukluft water 8180 and 80 plots (Figures 39-41) a group of samples have 
8180 and 80 values between -5%0 and -10%0 and -30%0 and -65%0, respectively. This group 
of samples has been labelled 'group A'. In all four seasons 'group A' was present, with 8180 
values of between -5%0 and -10%0, and 80 values of between -30%0 and -65%0. In the dry 
winter seasons, the samples almost exclusively fall into this group whereas in the summer 
the samples have a greater variation in 8180 and 80 values and spread out more along the 
GMWL. It is possible that this variation is as a result of an increased number of surface 
water samples, precipitation samples and river water samples that are collected in the 
summer season with less negative values. 'Group A' however, represents the 8-values of the 
groundwater, or at least samples with a large groundwater component (i.e. more negative 
8180 and 80 values) that were collected in both winter and summer. So, although this 
variation looks like seasonality, it is only observed due to a natural sampling bias. 
The average 8180 and 80 values of the borehole samples did not change significantly over 












was performed between the groups and showed that the null hypothesis, that the variance 
between the groups was not significant, had to be accepted. This suggests that the 
groundwater is either an isolated source, unaffected by local precipitation and/or river water, 
or the source must be a large, well-mixed body able to homogenize the less negative 
precipitation and river water 0180 and 00 values. The wells (W97 and W147) that indicated 
markedly less negative values for 0180,00 and ol3e (average values of -3.5%0, -25%0 and-
8.5%0 respectively) in July 2009 compared with all other seasons, may be as a result of the 
increasing rains in Feb 2009, with less negative 0 values (average 0180 = -4.0%0 and average 
00 = -20%0) that infiltrated these shallow sources in the Naukluft. It is also important to 
note that many of the wells in the Naukluft were not sufficiently covered to prevent access of 
rain water directly into the well-point and despite efforts to sample actual groundwater (i.e. 
not evaporated or directly recharged by rain) from the wells the samples taken may have 
contained a component of rain water. 
The largest seasonal variation occurs in surface water samples (std. dev: 2.8%0 and 18%0 for 
0180 and 00, respectively). It is likely that this is due to recharge in the rainy season. There 
is large discrepancy between the 0180 and 00 values of the local rainfall (average 0180 and 
00: -2.17%0 and -8.19%0, respectively) and the groundwater (average 0180 and 00: -6.7%0 
and -440/00, respectively). The surface water samples fall in between these ranges (average 
0180 and 00: -5.30/00 and -35%0, respec ively). In the main rivers, the 0180 and 00 values are 
closer to that of the groundwater and are thus likely to be groundwater-fed. Where seasonal 
differences in the main rivers occurred, they usually had values that are more negative in the 
summer, rainy months. This variation in summer may be due to the less negative values of 
the precipitation, although it is uncertain if the precipitation that fell on the Naukluft was 
responsible for aquifer recharge. 
The effect of the dissolved e02 in the soil on the ol3e of the ole in the groundwater would 
vary considerably, depending on the amount of soil and the flow-path of the infiltrating 
water. The ol3e values of the water showed that limestone e02 (Ol3ecarbonate ± 0%0) modified 
the ole in the Naukluft water to a greater extent than soil e02 (013Coil ± 25%0), yielding 
average cSl3e values of -9.7%0. This is to be expected given that this is an arid, karst region. 
In the rainy season groundwater samples might be expected to become more negative due to 
the increased volume of water passing through the soil (cSl3e values of -25%0), thus larger 












However, this is not evident in all groundwater samples but it is seen in spring water 
samples. This may suggest that the rain that falls in the Naukluft is only recharging certain 
aquiferls in the region, but this lack of seasonal variation in Ol3C values, is most probably 
related to the climate. In arid regions like the Naukluft, the soil coverings are thin and 
therefore would have significantly less of an effect on the groundwater than in a humid 
region where soil coverings are thicker and the Ol3C values are closer to -25%0. 
5.2.2 Altitude 
Oansgaard (1964) defined the altitude effect to be the relationship between altitude and 00 
and 0180 values. The Naukluft Region ranges from 672 -1674 m a.s.l. However, there is no 
correlation between altitude and the 00 and 0180 values of the groundwater samples 
(Figures 24 and 25) however; the surface water samples do indicate a reasonably good 
correlation (Figures 36 and 37). 
Although no correlation was evident between 00 and 0180 values of the groundwater and 
altitude, a few samples at low altitudes collected in July 2009 did seem to indicate quite a 
good correlation between 00 and 0180 values and altitude. Samples B33, B34, B32, B35, 
B69, B70, B65, in order of increasing altitude (Figure 24), are all samples that were 
collected from the edge of the Namib Oesert. Further than that however, their relationship to 
one another is random and does not follow any distinguishable pattern that might help to 
define flow-paths or determine if this correlation is indeed due to the altitude effect. 
An empirical altitude effect from the western flank of the Sierra Nevada in the United States 
was worked out to have a change of 0.002 ± 0.001%0 0180 with every 100 m in altitude 
(Criss, 1999, Rose et aI, 1996). However, all the surface water samples from all the seasons 
in the Naukluft show a much greater altitude effect compared to this empirical gradient (2.4 
± 0.6%0 0180 per 100 m and 16 ± 5%0 00 per 100 m), indicating evidence ofa much greater 
change in 0 values with height. However, this high gradient, may not be entirely due to the 
altitude effect as defined above, but is perhaps aquifer-related and reflective of the source of 
water. It may be that the surface water at higher altitudes is recharged by groundwater 
sources and those at lower altitudes are influenced more substantially by the local 
precipitation, hence the less negative values at lower altitudes (0180 >-5.0%0 and 00 >-30%0 












Interestingly, sample A43 (Tsauchab River) in all seasons, except during the heavy rainfall 
in February 2009, does not have this correlation with altitude but has significantly more 
negative oD and 0180 values with very little variation between seasons. This sample was 
collected in the south, from the Tsauchab River and is fed by a natural spring (sample 
collected a few kilometres from source) that allows the river to flow all year. This supports 
the theory that very negative oD and 0180 values are as a result of a greater groundwater 
component. This sample however, is the only river courses at low altitudes with this 
apparent groundwater signature. It may be that precipitation in valleys and at lower altitudes 
is more significant, with possibly more extreme values occurring because of high run-off 
from higher altitudes. 
Samples A57 and A22 (Die Valle) have less negative 0 values than all other samples at their 
altitude (0180 of 0.1%0 and 6.6%0 and oD of 5%0 and 29%0 for A57 and A22, respectively). 
Their oD and 0180 values also however, correlate well with altitude and considering they are 
sampled from the top and bottom waterfall, this may indeed be as a result of the true altitude 
effect as defined above. 
5.2.3 Latitude and geomorphology 
The lack of seasonal variation between sample sites, particularly with regard to groundwater 
samples, meant that the average stable isotopes values established from all four seasons 
could be used in order to examine spatial variations of o-values of groundwater and surface 
water in the Naukluft Region. These values were plotted using GIS positioning and 
contouring was done using an inverse distance weighted interpolation between samples sites, 
to provide isopleth diagrams (Figures 48-53) of both groundwater and river and stream 
water for all stable isotope data. 
Groundwater 
The maps of 0180 and oD for groundwater (Figures 48 and 49) show very similar patterns, 
as is expected, with less negative values (0180 > -6.0%0 and oD > -38%0) in the north and 
central regions and more negative values (0180 < -7.0%0 and oD < -45%0) in the northeast 
and on the edges of the desert in the west. The inverse is observed for o i3CDlC (Figure 50), 
with the less negative values (O i3C > -7.0%0) in the northeast, southeast and west. The 
similarity in the 0180 and oD maps suggests a distinctive water source, possibly related to 












flows from east to the west in this region or one of its paleochannels. The 813CDIC values of 
close to 0%0 indicate a high component of carbon derived from carbonates (as opposed to 
carbon derived from the soil). The NNC is observed to have the more negative values in the 
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River and stream water 
Although the river and surface water maps are less infonnative than the groundwater maps 
because of the lower number of river and stream samples collected and the naturally variable 
nature of open water sources, all three isopleth diagrams show significant regions indicative 
of the catchment areas in the area (Figures 51-53). The rivers in the east, particularly in the 
east of the NNC, have more negative 0180,00 and ol3CDIC values (0180 < -6.0%0,80 <-
40%0 and 8l3C < -10.0%0). The southwest and northwest have less negative 0180,00 and 
813CDIC values (8
180 > -4.0%0,80> -30%0 and 8l3C > -9.50/00). These less negative regions 
mirror the flow of the main rivers in the area, namely the Tsondab and Tsauchab Rivers 
(flows into "Sosussvlei", Figures 51-53). It is possible that these samples may be recharged 
by the local precipitation during the summer seasons and hence the less negative values 
comparable with the positive values of the local precipitation. Interestingly two of these 
samples (R29 and R31) could only be sampled in March 2008, during a rainy season that 
was not remarkable in any way, whereas in February 2009 during the torrential rainstorms 
these sources were dry. It is possible that the similarity in the isotope values of the surface 
water collected in the NNC is due to the fact that these are often spring-fed tributaries and 
the springs as mentioned above come from a well-mixed, homogenous source. These spring-
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Oansgaard (1964) described the amount effect as the relationship between 80 and 8180 
values and the amount of monthly precipitation in tropical regions. The greater the 
proportion of rain removed from a given air mass, the lower the 8 values of subsequent 
precipitation will be. Rapidly ascending air masses result in significant cooling, causing 
massive rainout, low values ofF (fraction of remaining water in the cloud) and very negative 
8 values of precipitation (Oansgaard, 1964; Sharp, 2007). Although the Naukluft is not 
located in a tropical region, it does seem to have a significant amount effect. 
Ouring the wet field seasons (March 2008 and February 2009), precipitation samples were 
collected without an accurate measurement of the amount of rain that had fallen prior to 
sampling. Although observed weather patterns in the Naukluft were qualitatively noted, it is 
difficult to quantify the amount effect. Future hydrological research in the area should 
involve setting up permanent rain gauges in the region allowing for sampling to take place 
with the simultaneous knowledge of the exact amount of rain fallen in anyone rain event. 
From this study, 6180 and 80 data do seem to indicate that the amount effect plays an 
important role in determining the stable isotope composition of the precipitation and in turn 
that of the groundwater, although this could only be confirmed with consideration of 'age' of 
the water. 
Rainfall data, written as monthly average values from Biillsport (E, Sauber, pers. comm., 
2008), was plotted against 0180 and 80 did indicate that in months where the average 
amount of rainfall is greater the average 0180 and 80 values of the rainfall are more 
negative. However, using an average monthly value is not conclusive enough to propose 
that there is an amount affect. 
The anomalously negative 0180 and 80 values of the one precipitation sample (P130) could 
be because of the increase in altitude in the north of the area where the sample was collected, 
or due to the amount effect as a result of the heavy downpour for a period prior to sample 
collection. In this case, it is much more likely that this anomalous low value was due to the 












5.3 Comparison with other arid and karstic regions 
5.3.1 8 180 and 8D: Naukluft vs. other karstic and arid regions 
Although in-depth stable isotope work has not been done on many water bodies in Africa or 
at the same latitude as the Naukluft region it is important to have a look at other arid and 
karstic regions, despite them being situated in more humid or temperate climates. These 
comparisons are important as karstic regions have very distinctive recharge patterns, based 
on the fact that water flows in low resistance, open conduits, bypassing the effects of 
granular or fracture permeability of the aquifer (White, 2002). A comparison of 8180 and 80 
values has been drawn between regions with Mediterranean climates, tropical and arid 
climates and of both karstic and crystalline aquifers (Figure 54). The average 8180 and 80 
values of all the sample sites from the Naukluft from all fours seasons was used in this 
companson. 
Spring, borehole and surface water collected from the Southern Spain karst systems, located 
in a Mediterranean climate zone, (Kohfahl et aI, 2008 (n = 40); Vandenschrick et aI, 2002 (n 
= 39)) has more negative 8180 and 80 values than the Naukluft water, plotting on the 
negative end of GMWL in the 8180 and 80 plot in Figure 54. In a more tropical karst 
system from Belize in Central America (Marfia et aI, 2004), the ground- and surface- water 
samples (n = 27) plot in a less negative 8180 and 80 region than the Naukluft on the 8180 
and 8D plot and indicate a slightly evaporated source, positioned to the left of the GMWL. 
In very arid regions such as Libya and the Sinai Oesert (Gat and Issar, 1974 (n = 46); 
Gonfiantini and Zuppi, 2003(n= 50)) the groundwater data from Sinai and the ground- and 
surface- water from Libya plot slightly above the Naukluft on the GMWL, although, the 
Naukluft has by far the greatest overall variation along the GMWL. This may indicate a 
large discrepancy between two end-members, in this case, the local precipitation and the 
groundwater. It may however, also may be partly due to the size of the much larger Naukluft 
data set. (n = 145). Rainfall from Syria (Kattan, 1997) plots on a LMWL to the right and 
parallel to the GMWL and this is often the case in arid regions. The Naukluft rainfall data 
however, only plots above the GMWL in March 2008. The comparison indicates that the 
lower the latitude or the more arid the climate, the higher the 8180 and 80 values will be, 












li ghter isotopes resulting in an increase in the heavier isotopes hence the less negative 0180 
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Figure 54: 6180 \ 'S. 6D plot show ing co mparison of Naukluft to other a rid and kllntic en\'ironmenU 
(Kohfahl d al. 2008; Marna el ai, 2004; GonfillnCini and Zuppi. 2003: Vandens('hrick eI ai, 2002: Kattan, 
t997 and Gat and hur. 1974) 
The comparati ve data above are all representati ve of sources from the Northern Hemi sphere. 
The data from Southern Spain was recharged by precipitation wi th its source region in both 
the Atlantic Ocean and the Mediterranean Sea. A LMWL for Granada was established from 
precipitation data to be oD = 6.90 180 + 2 (Kohfal ef aI, 2008). Precipitati on sourcing water 
from the Mediterranean typi call y has a high deuterium excess (average d= 19%0), 
characteri zed by the lower humidity conditi ons (Kanan, 1997). The precipitation samples 
from Syria were typi cal of Mediterranean precipitation (Kanan , 1997). These samples 












due to monthly composite sampling. The precipitation data for Belize, was taken to be the 
same as that of Vera Cruz in Mexico, with 8180 = -3.6%0 and 8D = -22.9%0 (Gat et ai, 1994; 
Marfia et ai, 2004). The Belize groundwater (8 180 = -4.2 %0 and 8D = -14%0) and 
precipitation (8180 = -3.6 %0 and 8D = -23%0) 8180 and 8D values, are more similar to each 
other than the Naukluft groundwater (8180 = -6.7 %0 and 8D = -44%0) and Naukluft 
precipitation (8180 = -2.2 %0 and 8D = -9%0) are to each other. The precipitation values from 
Belize are slightly more negative than those of the Naukluft. Rainfall from Eliat on the 
Mediterranean seacoast of Northern Sinai has average annual values of 8180 = -0.08%0 and 
8D = 7.8, respectively (Gat and Issar, 1974). It was established that the isotope composition 
of the water sources was not conclusive criterion for distinguishing between direct rain 
infiltration and recharge through surface flow (Gat and Issar, 1974). The rainfall values 
reflected the altitude at which precipitation occurred. It was noted by Gat and Issar (1974) 
that the spread of the Sinai 8180 and 8D data was much greater than that of groundwater 
from more temperate climates. 
5.3.2 aJ3C: Naukluft vs. other karstic and arid regions 
Obtaining 8l3C values ofDIC in karst waters from around the globe was problematic, as they 
are not frequently measured for aquifer assessment. The Naukluft has been compared to two 
areas; the tropical karst area of Belize (Marfia et ai, 2004) and the arid region of Libya 
(Gonfiantini and Zuppi, 2003) (Figures 55 and 56). Marfia et al (2004) used stable isotopes 
(8D, 0180 and Ol3C) and major ions to show the rapid recharge rate and influence of 
groundwater geochemistry on surface water in Belize in Central. In Libya, the aquifers were 
mostly confined and showed no modem recharge (Gonfiantini and Zuppi, 2003). 
The Naukluft ol3C values plot between those of the arid and tropical climates. The data from 
Belize has values closer to -20%0 (Marfia et ai, 2004), as expected in tropical climates where 
soil covering will have a greater effect on Ol3C values whereas Libya had slightly less 
negative values at around -5%0 (Gonfiantini and Zuppi, 2003) with very little influence from 
soil sources. Libya and Belize also show a greater variation in Ol3C values (Gonfiantini and 
Zuppi, 2003; Marfia et ai, 2004), whereas the Naukluft waters seem to be more homogenous. 
This comparison seems to indicate that climate indirectly affects the Ol3C values and drier 












S • Cyr~. UtJyJ (GorNntinI aw.I ZI.ippI. 2(;03) • e.'Ilt CtnnI A.~;a (MJrT\3 a 31 2(-0.) • A ... _ONaU.Ul~ • 
I 0 • • 
• • • a. • • l . , .. . 
? .. . J. •. .t:1!~ '. -S .. ~., . - .. ~ .,. ~' .. ..... 
• # • . , , . 






• l o -40 -
-60 
5 
• torehole .. Mer 
• ~""er .. spll>SI_l 
• suolOK' .. ill .. * ~(.( ptallon 
• wel'lll'3ll'1" 
• C).'fen-. Ley.I \Gon'I3lOoI¥IQ lLiJIP!. z003" I 
II 8eb CtnnI """*'" (I.I¥U ~ ~ 2004) 
• ~IHO IlUM\ OJU 
~ . . 
• • • • ·~ · ft • • 
~ . ." .'. • :w:-.... ~.~ •• 
.:t~~. ,: . 
: :t::: .. 
• 
Figure 55 and 56: auc ' 5. a'Bo li nd /5 0 Nauklufl co mpa red to Behze (Ma rna et ai, 200-1) and Llb~a 
(Gonfiantini and Zuppi. 2003). (Co lour of sa mple ITI)rese nts region and shape re-prtsrnu type of sample 
co llected) 
5.4 Recharge Processes in the Naukluft Region 
Usuall y, groundwater systems do a remarkably good job of integrating the local precipitation 
and any associated amount effect that operates in the recharge zone (Criss, 1999). In the 
Naukluft, it is evident that thi s is not entirely the case. The groundwater and surface water 
have more negati ve oD and 0180 compared to the precipitation in the Naukluft . The amount-
weighted 0180 average of precipitation being -0. 1%0 (n = 15), groundwater-4.9%o (n = 235) 
and ri vers and streams -1 . \ %0 (n = 73). The weighted oD average of precipitation bei ng -
0.4%0 (n = 15), groundwater-32%o (n = 235) and rivers and streams -7.2%0 (n = 73). While 
the weighted ODC average of precipitation were, -0.6%0 (n = 10), ground water-7%o (n = 221) 
and rivers and streams -1 .8%0 (n = 62). 
There are a number of possibilities as to why the groundwater in the aukluft is more 
negative than the local precipitation. In semi-arid regions, only large stonn events recharge 
groundwater systems and oD and 0180 val ues of those rain events will differ from the overall 
average (Sklash and Farvolden , 1 9 78~ Fredrickson and Cri ss, 1999; Criss, 1999). Another 
explanation is that the groundwater has mi grated ki lometres from higher elevation and 
higher latitude and accordingly can have lower oD and 0180 values than the local 
precipitation (Dansgaa rd, 1964; Criss, \999). In the Nauk luft, th is would mean thatlhe 












higher elevation and latitude and from an area that receives significant amounts of rainfall, 
which in Namibia is very unlikely. Lastly, this discrepancy may be explained by the 
groundwater being recharged during ancient pluvial periods when meteoric precipitation had 
different values and a lower deuterium excess than today (Criss, 1999). 
One of the principal effects of rainfall is to displace the groundwater into stream channels. 
Numerous studies have shown that 50% of flowing surface water represents "pre-event" 
water even during major storm events (Sklash and Farvolden, 1978; Fredrickson and Criss, 
1999; Criss, 1999). In the Naukluft, the surface water contains a significant groundwater 
signature indicative of 'pre-event' water as described above. The average 8180 and 8D 
values of surface water in the Naukluft are -5.3%0 and -35%0 respectively. These values are 
significantly closer to the groundwater 8 values (8180 = -6.7%0 and 8D = -44%0) than that of 
the precipitation (8180 = -2.2%0 and 8D = -9%0). However, the Tsondab River (R12 and 
ABABIS-R06) (8180 = -3.0%0 and 8D = -10%0) with no spring supplementing it, has more 
negative 8180 and 8D values than rain water but less negative values than the other surface 
waters. This clearly indicates a mix between pre-event and event water. 
The large difference between precipitation and groundwater isotope values is probably due 
to only large rain events recharging the groundwater. This was evident on a small scale 
during the storms of February 2009. It was in this month that rainfall had increasingly more 
negative 8180 and 8D values, because of the amount effect, and it is these waters that are 
most probably recharging the groundwater aquifers. For example, samples P124 (8D = -
31 %0 and 8180 = -5.6%0), P125 (8D = -39%0 and 8180 = -6.4%0) and P130 (8D = -95%0 and 
8180 = -14.4%0) were sampled on different days but all in heavy storms, i.e. a large rain 
event. Sample P130 was sampled at the end of a particularly heavy rainstorm (no 
measurement of amount taken) causing flash flooding throughout the region. 
The precipitation data from March 2008 plot on an evaporation trend with a shallower slope 
compared to the GMWL and this could imply evaporation during precipitation. However, 
this trend is not seen in February 2009, possibly due to the extreme weather conditions 
experienced. February 2009 had anomalously high rainfall and therefore the fractionation 
effect due to evaporation as the rain was falling was possibly smaller. In June/July 2008 and 
July 2009, evaporative fractionation is also seen in a few surface water samples with a 
similar shallower slope as compared to the GMWL. It is clear that the effects of evaporation 












case, the arid Naukluft climate resulted in only a limited number of evaporated surface water 
samples and only in the dry seasons, months after the last rainfall. 
5.4.1 Groundwater residence time 
In order to determine the mean residence time of the groundwater in the Naukluft, 14C was 
analysed (Bernhard, 2009) and from this data the 'age' of the water in the region was 
estimated. Thirteen groundwater sources (collected in June 2008) throughout the region 
were analysed at UNIL. The 14C data of the groundwater in the region can be divided into 
three distinct groups of 'ages'. Using a complex mixing model (Ol3C mixing model for 
mixed C3-C4 plants, with 8l3Crech at pH 7 (25°» it was established (Bernhard, 2009) that one 
area (Kulala at the edge of the Namib Desert in the southwest) tapped relatively old water, 
around 13000 yrs. The majority of the samples have younger 'ages' of approximately 
1000yrs and in two areas (Panorama on the west of the NNC and Nauzerus in the northwest 
of the NNC) the groundwater had 14C activity comparable to modern rain water. 
Table 8: 14Cag. (years) (Bernhard, 2009) and /) values from 13 sites throughout the Naukluft 
8180 3D I~Cage d13C DIC DIC mg L 
Sample Name Type (UCT) (UCT) (UNIL) (UNIL) (UNIL) Location 
I Bull s08-2BO I borehole -6.5 -53 1095 -10.7 669.0 Biillsport 
2 NNL08-2B09 borehole -6.3 -42 1387 -12.7 429.4 Namib Nauklut1 Lodge 
3 2S15 sprIng -8.1 -59 1217 -11.3 472.1 Bliisskranz 
4 2B23 borehole -7.1 -55 1265 -11.2 605.3 Tsams West 
5 2B33 borehole -6.2 -46 13050 -4.6 528.8 Kulala Desert Lodge 
6 2B37 borehole -5.9 -42 27 -13.2 424.7 "Panorama 
7 2B61 borehole -6.4 -42 212 -11.0 409.0 Solitaire Guest Farm 
8 2B65 borehole -8.3 -41 2277 -10.6 547.1 Escourt: Tsondab River 
9 2B79 borehole -7.3 -49 340 -Il.l 535.3 Hauchabfontein 
10 2B82 borehole -6.0 -44 1344 -13.1 507.0 Neu Onis 
II 2S84 sprIng -7.1 -45 1202 -11.5 444.0 Neuras Estate 
12 2W97 well -5.3 -32 -2207 -10.2 651.9 Nauzerus 












The negati ve age (-2207 years) in Table 6 is sample 2W97. Its age can be explained by the 
Bomb Peak EfTect with an input of 14Calnlospheric in excess of that calculated for the standard in 
the 19505, which would give it an age younger than 50 years, Le. after 1963 (Bernhard, 
2009). It is unusual that thi s effect was only observed in the 14C value of one sample and it 
suggested that future research in the area focus on thi s panicular area to establish whether 
recharge path-ways are indeed unique in that area . The difficulty with thi s specific sample is 
that it was taken from a well-point that was not entirely sealed ofT from the atmosphere and 
with its very shallow water-table; the water may be more representative of the recent rains 
than of the groundwater itself, despi te having bai led to a steady-state EC. This might explain 
its recent age. Sample 8 37, however, al so has an extremely recent age (27 years) and this 
was taken from a deep borehole that had been pumping all day prior 10 collection, it is 
unlikely that this represents anything other than the groundwater. It is possi ble that this 
sample site has been contaminated by recent recharge perhaps during flooding. It is 
remarkable that the "oldest" water (2833) is located at the western end of the Tsauchab 
Ri ver, near the end of its course, where one might intuitively think that recent waters would 
reside, or at least waters that have distinctive surface water values. It is suggested that thi s 
deep borehole «1 00m) tapping this old water, is a confined aquifer entirely separate from 
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In Figure 57, the 14Cagc VS. DIC (mglL) plot, shows very little correlation between ' age' and 












correlation and a Pearson r value of -0.2 without the outlier indicating a sti ll very weak 
correlation). Considering that small amounts of CO2 do not consistentl y yield the younger 
' ages' . it is suggested that these ' ages' are indicative of the residence time. A smaller 
amount of dissolved CO2 would have been more readily altered by a very small proportion of 
modem precipitation and thus likely to yield young ages, however this does not seem to be 
the case in the Naukluft . 
5.5 Characterising the Naukluft aquiferls 
In order to characterize the Nauk luft aquiferls it is imponant to look at J4e data along with 
0]80 , 50 and oDe data. The ]"Cage diagrams vs . 0180 and oD (Figul'es 58 and 59) indicate a 
significant variation in 8'80 and 80 values for samples having a similar ' age '. Hence it is 
diffi cult to make conclusions as to the number of di stinct sources based solely on the age 
data. Future work in the aukluft should incl ude a more comprehensive 14C stud y to clarify 
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Naukluft. Shows three distinct groupings 
The 14C ' ages' of the groundwater suggest that recharge is relati vely rapid in the area . 
Taking into accounllhe stable isotope data, the differences in the stabl e isotope compositions 
of rainwater (assuming the precipitation is represe11lative of the region) and groundwater 
suggests a number of recharge processes: 












• The aquifer is only recharged by major storm events when the precipitation has been 
affected by the amount effect and hence has more negative & values; 
• The aquifer is a large, well-mixed body and any infiltrating precipitation ofless 
negative & values is not noticeable. 
The present results do not indicate significant variation between groundwater collected in 
different seasons. This lack of seasonality suggests that the amount affect may not be a 
reasonable explanation for the huge difference between the & values of the groundwater and 
the precipitation on its own, unless of course it was in conjunction with an aquifer that was 
large and very well mixed. A smaller aquifer would show a marked difference when the 
precipitation infiltrated in the rainy season and when rain ceased in the dry season. The 
relatively homogenous &13C values from the Naukluft data compared with other karstic and 
arid regions may support this theory of a large rapidly mixed aquifer. 
The Naukluft Mountains are the most likely area for recharge to occur. The possibility of 
orogenic rainfall occurring in the NNC suggests that it is unlikely that recharge occurs 
elsewhere in the relatively flat landscape surrounding the NNe. Due to the aridity of the 
climate resulting in some evaporation of the precipitation prior to infiltration, it is suggested 
that only high rainfall events recharge the aqui erls. As supported by the comparison with 
other areas around the globe (Figures 55 and 56), it is suggested that drier climates seem to 
have &13C values that are less negative and closer to 0%0. It is therefore likely that the reason 
for the soil CO2 having little impact on the & values in the rainy season is not due to recharge 
elsewhere, but rather is indicative of the climate in the region. The greater variation of EC 
values of the groundwater in summer, seems to show that precipitation is infiltrating the 
groundwater. However, the plots also indicate an increase in EC values correlating with 
more negative &180 and &D values of the groundwater in summer. It is possible that the 
more negative & values of the groundwater have homogenized the less negative precipitation. 
The isopleth diagrams of the groundwater seem to indicate that the NNC is divided in two 
separate halves along its long axis, running northeast-southwest, which could indicate two 
distinct aquifers, the one recharging the Tsondab River in the North and the other the 
Tsauchab River in the South. The area surrounding the NNC shows another distinct source 
at the edge of the Namib Desert. This suggestion of a separate aquifer on the eastern edge of 












To characterize the Naukluft aquiferls fully would require much more detailed precipitation 
sampling (including records of daily temperature and amount), a clearer understanding of the 
geology of the nappe complex, conclusive understanding of the recharge capabilities of the 
aquifers through pump testing and further detailed age determination of many water sources 
throughout the Naukluft. The isotopes alone however, give an indication of an aquifer that is 
large and well mixed and is probably only recharged through large rainout events, with an 












6 CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The rivers, streams and groundwater in the Naukluft have average 0180 and oD values of 
between -7.0%0 and -5.0%0 and between -45%0 and -30%0 respectively, with all values 
plotting close to the Global Meteoric Water Line. The majority of the borehole data for both 
seasons plots at the negative end ofGMWL (0180 between -8.0%0 and -6.0%0 and oD 
between -40%0 and -50%0), whereas surface waters and rivers in March 2008 and February 
2009 had higher oD and 0180 values. The precipitation data collected in March 2008 shows 
a greater change in 0180 than oD compared to the GMWL. This is evidence of evaporative 
fractionation, which is common in such arid climates. This however, is not seen in the 
precipitation samples from February 2009, which is possibly as a result of the extreme 
rainfall events in February, with little evaporation occurring as the rain was falling. 
Evaporative fractionation also affected a sub-set of surface waters from June 2008 and June 
2009, due to the relatively warm and very dry winters experienced in the region whereas the 
majority of river and stream water samples plotted on the GMWL. 
Compared to other arid and karstic regions, the Naukluft waters show a greater variability in 
8180 and oD values as there is a large difference between end-member sources, namely 
precipitation and groundwater. The effects of the region's climate may also playa role in the 
large range of 0180 and oD values, as the Naukluft Region, although arid, receives greater 
annual rainfall, as a result of its elevation, than the surrounding semi-arid and desert 
landscape. Inversely, the Ol3C values of the Naukluft Region waters show very little 
variation, as a result of the arid climate, which prevents the formation of deep soil profiles. 
The precipitation, surface- and ground- water interactions in the Naukluft are representative 
of the complexities of recharge in arid and karstic regions. In areas where evaporation rates 
are high, as is the case in the Naukluft, large amounts of preci pitation are needed to infiltrate 
the aquiferls for groundwater recharge to occur. The stable isotope ratios of oxygen and 
hydrogen of the precipitation in the Naukluft Region is then altered by the amount effect. 
The surface water samples represent a mixture of both 'pre-event' and 'event' water and 
their stable isotope ratios are then further altered by the altitude effect. The groundwater, 
although having similar 0180 and 8D values throughout the Naukluft, has residence times 












It is likely, due to the large variability between groundwater and precipitation stable isotope 
values, that only large rain events infiltrate the aquiferls in the Naukluft. It is proposed that 
the aquiferls are fairly homogenous, characteristic of a large, well-mixed source. According 
to the spatial distribution of the stable isotope values throughout the Naukluft, it is likely that 
boreholes in the NNC tap water from at least two distinct aquifers. Supported by age 
determination (Bernhard, 2009) an entirely separate, confined source is present at the edge of 
the Namib Desert. 
The 14C 'age' determination of the majority of the groundwater samples in the Naukluft may 
show recent recharge but the rate of extraction of the groundwater still needs to be 
monitored, particularly as rainfall in Southern Africa is unpredictable. Even if accurate 
rainfall predictions were made and sufficient precipitation occurred, hundreds to thousands 
of years between recharge ofNaukluft aquifers would be too long a period of time to sustain 
human activities, if this resource was over-exploited due to poor management. 
It is hoped that this study will provide a clearer understanding of the hydrological processes 
in the Naukluft Region, resulting in a sustainable source of water for all Namibians into the 
future. It is clear that a more stringent management scheme needs to be put in place. 
Despite the at-a-glance fertility of this Naukluft oasis, alongside the vast Namib Desert, it 













The Namibian government is committed to increasing the access of rural households to 
reliable sources of safe drinking water from 50% at Independence (1990) to 80% by 2010 
(National Planning Commission, 1996). Namibia is an extremely arid country and is subject 
to frequent and recurring droughts. With no perennial rivers, the country relies substantially 
on groundwater to provide the population with potable water. These groundwater sources 
are not recharged frequently and the population taps fossil water, of an inferior quality and 
limited supply. In the Naukluft, the entire local community relies on groundwater for their 
personal and agricultural needs. 14C data analysis indicated that the majority of the 
groundwater in the region had relatively recently been recharged. Although these are by no 
means fossil waters, a span of a thousand years for recharge is still significantly long enough 
to have a lasting effect on the population in the region should the supply be poorly managed. 
The population in the Naukluft is growing significantly along with an increase of tourists in 
the region putting added pressure on the water supply. Some recommendations for water 
management in the area include: 
• The abstraction of groundwater needs to be monitored, in order to assess groundwater 
usage in the area: 
• A region-wide census on the number of boreholes and location, their yield (if in use), the 
depth of the borehole and the depth-to-water needs to be established. 
• Any further borehole drilling in the region should be strictly controlled and regulated. 
• Strategic placement of monitored boreholes in the Naukluft-Namib Park is 
imperative in order to assess groundwater levels and water quality on a regular basis: 
• A few monitored boreholes should be situated on the eastern edge of the Namibian 
Desert, where the oldest water is located. Further monitored boreholes should be placed 
in the east and the west of NNe, where two distinct aquifers are likely to be situated. 
Lastly, monitored boreholes should be placed in the north of the NNe, where the 
youngest· age' water can be found. 
• The monitored boreholes should be fitted with water level measurement devices, Ee 
meters, flow metres and ph/redox metres for water quality. For real-time remote 
monitoring, these meters should be connected to a telemetry system to transmit readings 
to the internet at regular intervals. Mobile signals can then be sent to alert the 












• Frequent water sampling and analyses needs to occur in order to monitor water 
quality, to assess flow regimes in the aquifers and to test the reliability of remote 
monitoring systems: 
• Water quality testing should occur frequently as an indicator of a 
dwindling!contaminated source. 
• Stable isotope analysis should continue for a long-term indicator of recharge processes. 
• Environmental monitoring of fragile ecosystems needs to occur regularly to preserve 
the biodiversity and vegetation biomes of the Naukluft Region: 
• Increased usage of water from ephemeral rivers such as the Tsondab and the Tsauchab 
Rivers flowing westward into the Namib Desert leaves the environment around these 
rivers particularly at risk. In the past, these rivers were utilized by opportunistic nomadic 
pastoralists whose environmental impact was limited (De Bruine and Rukira, 1997). 
Increased demand for water in the region will increase usage of river water for personal 
and commercial use, and therefore it is essential that the current degree of utilization be 
managed properly. 
• A water tax may need to be established for users using over a certain threshold of 
water to encourage users to be water-wise and to subsidize the provision of water to 
rural communities: 
• Despite the very polarized anthropological uses of\vater in the Naukluft, from supplying 
large hotels to watering of livestock for personal and/or commercial use, this limited 
water supply should be considered common property and treated as such. 
• Government needs to subsidize installation and maintenance of boreholes in rural 
villages in order to provide potable water to the people: 
• Through this project, it was established that many rural villages tap water that is 
significantly inferior according to the Namibian water quality guidelines. Through 
educated borehole placement and deeper drilling, the water quality can be much 
improved in many areas. 
• Education on sustainable water usage needs to be addressed in the Naukluft in order 
to ensure the success of any water management schemes: 
• The education and cooperation of the local community will be essential to the success of 
a water management scheme in the area. 
• International visitors should also be made aware of the scarcity of water in the region 












The local Namibian community should be included in all decisions made with regard to a 
water management scheme, as they are ultimately responsible for water abstraction in the 
region and will thus be most affected if the source should dwindle. It is essential that further 
water research, expanding on this study, continues in the area until the aquiferls can be 
accurately defined, and the recharge processes fully understood. With this knowledge, 
accurate, strategic water management plans should be put in place to ensure the 
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Table I B: Isotope Data 
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Table Ie : Isotope Data 
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Table 1 D: Isotope Data 
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Bt03 ". ,,,. '" '" '" S, .. ,5< ,m '" ." ." .,,' '''' '" '" '" 458 '52 '''' 28' ... 690 '40 " .. " '" "" "" ", BOO 20' "" '" '" ... ", 823 ... '!Xl "TO "'. '48 534 BI07 "" "'" " '''' ..."" "2 "31 225 "" 1m .,,' 70' ,m 22 656 'TO '''' ,., 27 525 3/' 
BIIO 758 ,,'" 22 O17 573 706 '''' 29' 753 53' II. 1015 ". TO' 506 











Table 20 : III sifll Geochem istry Data 
Marcl'l 2COO ..iJnc 200EI February 2009 ..iJly 2009 
pH Ee"S T/<! 
TO, '" pH Ee ",. T/<! TO. '" pH Ee "'. T /<! 
TO. 5111 (pp~ pH ee Ri Si T /<! TO. 5_1 (pp lft 
5II mnl . ,-, (pp", ,_, (ppwi ,-, ,_, 
BH 3 11' '" 229 602 432 7.10 "" "' .• .r. "" Bl1. '" !l2O 299 65' .., 
5115 • 20 852 IS. 595 .,. '.63 '" " .• ... 356 8.15 OJ, 10.5 580 <OIl 8 116 ' " "'" '18 ' IS 518 pm '''' 27 ,," 2 1.2 ,., 
'"' •. '" II "', 10.7 59 
"' '' 7.., 20.' "', " 2 96 
"" .... 281 3 1.5 '96 132 
"''' 7." 29.' "', 19.3 '34 
8'" •. '" , .. , 24.8 1013 717 
8123 7.1>, ,<63 26.' "'" 7J2 "',. 7.'" " ".7 9. ' 6 
"''' '.63 12.7 24.6 ••  •. ,.,,, 7 .. 20' "'.7 '" ,OJ B121 7." "'" " 6S2 "" "2 ... 26 ' "" ... .12. 727 1m ,5.8 ,., 3!111 "" "'" 20 "" '" "29 7.93 ,., Zl.' ".. , .. 
"" 7.13 , "'2 , , S131 7'" ". 26.5 2J.' '" A'32 7.91 ,.. 275 "" II. .'33 , .. 1420 "'., ... ". ' " '"'' "" "'" 1870 ",. ". , , , 
"''' ' .B< "., 24.1 20.' 14.5 
"" 'OO 200 '45 10' 
"" 7.21 852 27.' 
.., 
'" 8 HO '" 90l 26.' ." .,. 8 141 ,.'" "" 26 728 ." 8 , n 7.20 '250 25.' 005 '" BIU 7.28 '073 20 .• 715 .,. 












Tabl e 2E: /1 / silfl Geochemi slry Data 
"".d'l2!DI ..... "'" F Ibruary 2OJ9 -"" """ 
,H EC ~' T t'C1 
TOS '" , H EC ~' Trel TO. '" , H " ,. -,(pp", ,-, ,"p", EC ~, Tf"CI TOS 511 (pp pH EC ~' Tf"CI TO' Sal (ppq _I - , BIII • . 802 711 ,"" '" ",. 
























Note "n/a" and " N/A" refer to data thaI is nOI avai lable, measurcments Ihllt were nOl lakcn and/or photograph 
Ihal was not avai lable 
NIA 
N/A 
Sa mple Name: 
Sa mple T~·pe : 






Sa mplin g Notes : 
Samille Name: 
Sample T~'pe: 
Sam ple Season: 
Location: 













Sa mplin g Notes: 
Depth of borehole: 
Depth to witter: 
Yield of borehole: 
Sample Name: 
Sample T~'p(' : 
Sample Season: 
l..ocalion: 
Localion Descripl ion: 
Lalit ude: 
Longi tude: 




March 08, June 08, Feb 09, July 09 
Naukluft Camp Ground 




Ri\·cr at campmg site. Running 
stream Clear water 
A02 
Surfucc 
March 08, June 08, Feb 09, July 09 
Naukluft Camp Ground 
20m from Sole dolomite type 
locali ty 
24°16'215M 
160 14'30 1M 
1426m 




Mllreh 08, June 08, Feb 09, July 09 
Naukluli Camp Ground 
Borehole in metal shelter. 
SinkpllHlt hui sic. 
24° 15'44 .2" 
16° 14'36. 1" 
1453m 








Naukluti eamp Ground 
Ram ... -d throughout the mght -
heavy thunder stonn 
24° 15'57" 
16° 14'22 3" 
nI, 















Sa mple Type: 
Sa mple Se~l.~on : 
Locatio n: 




SlI.mpling NOles : 
Sample Nltmc: 
Sample Type: 
Sample Scallo n: 
Locat ion: 









Location Desc ription: 
l..lttilUlJe: 
Longitude: 
Alti t ude: 
Sam lin' Notes: 
Sample Name: 
Sample T~'pe: 
Sa mple Seaso n: 
Locat ion: 








Naukluft Camp Ground 








March 08, JUIl\! 08, Feb 09, July 09 
Wotcrkloof Tnul 
Large pool situnlcd in tufn beds. 









March 08, June 08, Feb 09, July 09 
Waterkloof Tnlll 
Do\\ nstream from A06 in next 
pool Clean\atcr ±3 m depth. Tufa 




Sam lied from d ... "C ':.t art of )Q()I 
RI2 
RI\'cr 
March 08, Feb 09 
Tsondab river 




Tsondab Very merky rivcr water 













Sample Na me: 
Sam ple T~'pc: 
Sample Seaso n: 
Location: 




Samplin g Notes : 
Del)th of borehol(': 
Depth to water: 
Yield of borehole: 
Slimp Ie Name: 
Samp le Type: 
Sam ple Seaso n: 
Loclltion: 




Slimpling Notes : 
Sa mple Name: 
Sample T~'pe: 
Sa mple Season: 
Locat ion: 







Slimp Ie Seaso n: 
Lo('ation: 




Sam pling Notes: 
813 
Boreholc 
March 08, June 08, Feb 09, July 09 
BOllsport Campsite 




Boreholc was eo\'Crcd by two 
rocks. No pump ncarby-borehole 






March 08, Junc 08, Feb 09, July 09 
I3lasskranz ("ann 
Clear spring about 4x3m in tufa 









March 08, Junc 08, Feb 09, July 09 
Blasskmnz fann 





Water secping out of rock, 
underncmh " .. cds/grass. In July 09, 






Outsidc Zais fann on rotld 
24°0 I '36.9" 
16°09'15" 
1159m 















Sample T~' Jl e: 
Sample Scallo n: 
Location: 




Sa mpling Notes: 
Sample Name: 




location Descript ion: 
Latitude: 
Longitude: 
A ll ilutJe: 
Sampling NOles: 








Samplin g Notes: 
Samp le Name: 
Sample T:" IH' : 
Samille Season: 
l..oclI. tion : 









Stood in Jodie's {cnl, so temp 
discarded. 
24° 10'39" 
J 5°5S'SI . 7" 
I097m 
Rainwater COIl~'Clcd in bucket o\"l.:r 
night during storm. 
820 
Spring 
March 08, Feb 09 
03108/07 
Die VlIlle 





Kale had to rock-climb to get to the 
source where water Sl-"'C))\-"'<I OUI. 
A21 
Surfacc 
March 08, Feb 09, July 09 
Die Valle 









March 08, .lunl! 08, Fcb 09, July 09 
Dic Va lle 





Water nllUling o ver IUfa rocks in 





















Samplin g Notes: 
Depth of borehole : 
Depth to water: 
Yield of borehole: 









Sa mple Name: 
Sample T~'pe : 
Sample Seaso n: 
loclttion: 





Depth of borehole: 
Depth to water: 
Yield of borehole: 









Dellth of borehole: 
Dellth to wate r: 
823 
13orchole 
MllTch 08, Junc 08, Feb 09, July 09 
Tsams- Wcs 
Water sampled 42m from borehole 




Tsams Wes. Pump had to be 






MElrch 08, June 08, Fcb 09, July 09 
Tsams-Ost 
Lots of frogs/tadpoles. Not "cry 





Watcr runni ng through reeds in 
bend of nver. 
820 
Borcholc 
March 08, June 08, Feb 09, July 09 
Tsums-Ost 





Yellow Manual pump for borchole 
nl, 




March 08. June 08 
Tsams-Ost 




Windmill transpons wmcr through 















Sample Name: P28 
Saml)le Type: Precipitation 
Sample Season: March 08 
Location: Tsams-Wcs 
NIA Location Description: On way back to main road 
Latitude: 24° 14'IO,r 
Longitude: 15°57'10.86" 
Allitude: 1102m 
Saml)ling Notes: Collected during hea\'y dO\\Tl pour 
in buckct 
Sample Na me: R29 
Sam ple T~'pe : Ri"er 
Sample Seaso n: March 08 
Location: South of Sukscs on main road 
South. 
Location Description : Full running river aner lOIS of rain. 
Latitude: 24°20'48.3" 
Lo ngitude: Is054' 18.2" 
Altitude: 991m 
Sa mpling Notes: South of Sukscs. Water less merky 
Ihan llsual for rivers. 
Sampl e Name: R3I 
Sa m pic Typc: River 
Sample Season: M:lrch 08 
Lol;"'ation: Soussus\'lei Park 
Location Desc ription: Tsauchab Ri \'er. Ext remely merky 
waler 
Latitude: 24"38'·U 8" 
Longitude: IS"39'08.4 " 
Altitude: 676111 
Sam pling Notes: Didn'\ tilter water before using 
probe: it created disturtx""() readings 
because of the silty waler 
Sam pIc Name: B32 
Sample T~'pc: Borehole 
Sample Season: March 08, June 08, Feb 09, July 09 
Locat ion: Linl!! Kulala 
Locat ion Desc ription: Arid cnvironmcnt-no \·cgctation. 
Latitude: 24°38'51 ,5" 
Longitude: 15"47'08" 
Altitude: 737m 
Sampling NOles: Submerged pump Re-did probe 
readings 
Depth of borehole : ±I GOm 
Deplh 10 waler: GS. lm 













Samille T~' I)e: 
Sample Sea!Jon: 
Location : 




Sa mpling Notes: 
Depth of borehole: 
Depth to water: 










Depth of bo rehole: 
Depth 10 W lHer: 
Yield of borehole: 
Sa mple Name: 
Sa mple T, 'pe: 
Sa mple Season: 
Lol'alion: 





Depth of horehole: 
Depth to wate r: 
Yield of borehole: 
Sample Name: 










March 08, June 08, Feb 09, July 09 
LillIe Kulala 























March 08. June 08, Feb 09, July 09 
La Mirage 
















Running "cry sirong after rain. 






















Depth of borehole: 
Depth to water: 
Yield of borchole : 
Sa mple Name: 







Samplin g Notes: 
Sam ple Name: 
Sample T~-pe: 
Sample Scaso n: 
Location : 




Samplin A Noles: 
Dep th of borehole: 
Depth to WIlier: 
Vield of borehole: 
837 
Borehole 
March 08, June 08, Feb 09, July 09 
Panorama 
End or thc road at Panomma. 
24 "().4 '45.5" 
16"03'2 1.9" 
I 248m 
Solar IX}\\Cn.--d pump. Pump ah1ays 






March 08, June 08, Feb 09, July 09 
TSIluchab n\'cr 
Just East of Belesde retreat , the 




Ix.'cpcr and clearer n\'cr \\ tllcr 
Often has a dlstmct smell and lots 
of algae growmg 
839 
Borehole 
March 08, JUlle 08, Feb 09 
Ilcbron FornI 
Just South of S..:srelill on C 19 
24°32'49.5" 
I S0 55' I 5 I" 
881m 
Took sample from pl pc +f-4m from 
boreholc Wat ... 'T \\as \''':~' good 

















Sa mple Season: 






Depth of borehole: 
Depth to water: 
Yield of borehole: 
Sample Name: 








Depth of bo rehole: 
Depth to water: 
Yield of bore hole: 
Sam ple Name: 
Sample T~'pe: 









March 08, June 08, Feb 09, July 09 
Desert l lomestead 





Took dircctly from borehole under 








Little Sossus Lodge 




Pressure tanks prc~"'t11 10 pump 






March 08, Junc 08, Feb 09, July 09 
Sossus\'lci Campsltc 
Pump sit uatcd under a shelter 
24 °37' 16..\" 
15°57'59.9" 
890m 
Started pump. Samples taken at 
source 
Depth of borehole: n/a 
Dept h to water: 8.9m 












Sample Name: A. 3 
Sample Type: Surface 
Sa mple Sea!!on: March 08, June 08, Feb 09, July 09 
Location: llauchabfontem 
Lontio n Description : Tsauchab On.'r 
Latitude: 24°31'1 8~ 
Longitude : 16004'36.S·r 
Altitude: 1037m 
Sampling Note!!: Water close 10 spring source. Very 
clear \\ aler II IIh plenty bubbles. 
Water nil year round [Iccording 10 
01\ ner 
Sa mple Name: P •• 
Sample Type: Prec1pitat10n 
Sump Ie Season: Mnrch 08 
Location: oJ, 
N/A 





Sa mplin g otes: Raml\alcr co1h . 'ctcd 10 green 
bucket 
Sample Name: O.S 
Sample T~'pe : Borehole 
Sample Season: March 08, June 08, Feb 09, July 09 
Location: Tsauchab R1 1'er Camp 
Location Description: Just next to Tsauchab ril"cr. 
Latitude: 24°26'37 .98" 
Longitude : 16"10'1788" 
Altitude: 1152m 
Sall1plin~ Noles: Borehole pumped by \\1ndm ilJ. 
Depth or borehole: n/n 
Depth to water: oJ, 
Yield or borehole: nl , 
Sample amI.': 0.6 
Sample T~'pe : Borehole 
Sample SeaJo n: March 08, June 08, Feb 09 
Locat ion: Oms 
Locat ion Desc ription: On D 08S~ soulh of Naukl uf't park 
Latitude: 2~020'~5" 
Longitude: 16° 1~'~~" 
Allitude: 1287m 
Sampling Notes: Borehole nc:-.I IO farm house 
pumping into res...··ryoir Pump has 
oc'ClI on for 20mm 
Depth or borehole : SOm 
Depth to water: 96m 














Samp le Type: 
Sample Season: 
Lou.tion: 




Sa mpling Noles: 
Depth of boreho le: 
Depth to water: 
Yield of borehole: 
Sample Name: 
Sitmplc T)'pe : 
Sa mple Season: 
Location: 




Slt mplin g Noles: 
Sa mple Name: 
Sa mple Type: 
Sample Season: 
L.ocat io n: 





Dept h of bo rcholl': 
DClit h 10 water: 
Yield of borehole: 
Sample Name: 
Sampl{' T~'pe : 











Further north cast of Onis 
24° 17'15. 1" 
[6° 16'45.5" 
1324m 
Borehole pumping into rescrvoir 






March 08, June 08, Feb 09, July 09 
Neu Onis 
On edge or nauklufi Moumains. 





Wato.:r taken \\here seeping out or 
limestone on ground surrace 
8 5( 
Borehole 
June 08. Feb 09 
Namib-Nuukluf"l park, near 
reception 
Oppositc prcviously sampled 
boreholc al reception 
24°15'46.6" 
16° 14.43 .8" 
1452m 






June 08, Feb 09 
W:lIerkloof trail 
Water pool funher along 
Watcrkloor trail , thought it was Ihe 

















Sa mple Type: 
Sample Season: 
Location: 













Sa mpling Notes: 
Dcpth of borehole: 
Depth 10 water: 
Yie ld of borehole : 
Sample Na me: 
Sa mple T~'pe: 
Sa mple Season: 
Location: 




Sa m lin I Notes: 
Sa mple Na me: 
Sa mple T~'pe: 
Sa mple Seaso n: 
Location: 




Sa mplin~ Notes: 
A5. 
Surfacc 
Junc 08, Feb 09 
Watcrkloof tmil 




Smoll st]1I pond al cnd of 





Wcltc\Tcde, D]c Volle 
Solar po\\en:d borehole lcading to 
a tonk 10m 8\\8) , going through 




Waited a \\hilc to ensure wc 







June 08, Fcb 09, Jul~r 09 
Die vallc 
Collected from pool below seepagc 







June 08, Feb 09 
Tufa ca\'C, D]e Volle 
Cascade tufa blockmg ri\'cn'ollcy, 




Sampled from large murk} pool 
10m in diomctcr Sampled nearest 













Sample Name: 858 
Sample Type: Borehole 
Sample Sea!lo n: June OS, Feb 09 
Locat ion: Wclte\'rooe campsitc 
Location Description: OnCI9 
Latitude: 24°10')9" 
N/A Longit ude: 15°5S'5 1.7" 
Alt itude: 1097m 
Samp ling Notes: Takell from a hoSt.'Plpc, cioscstto 
borehole 
Depth of borehole: n/' 
Depth to wliter: 
"" Yield of borehole: 
"" 
Sa mple Name: 859 
Sa mple T)'pe: Borehole 
Sa mple Seallon: June as, Feb 09, July 09 
Location: Nmmb DcSt.'t1 Lodge 
Lou-tion Description: On the C 19, sampll: laken nC:'\I IO 
Lodge 
L.atitude: 24"07'148" 
L..ongitude: 15°S" '216" 
Alt itude: 97Sm 
Sampling Notes: Pump'---d through pipe mto water 
storage tank. th ick black plastic 
pipe 
Depth of borehole : 8Sm 
Depth to water: "" Yield of borehole: "" 
Sa mple Name: 860 
Sample T~·pe : Borehole 
Slimple Season: JUlle 08, Feb 09, July 09 
L..oeatio n: Nnllll h Desert Lodge 
location Dese ril)f ion: Skill frolll desert lodgc 
Shareholders COllage 
Latitude: 24°(),J'28 I" 
longitude: 15°5)' 17,)" 
Alt itude: 9"9m 
Samplin g Notes: SlImple lak ... '11 from lap lam from 
borehole 
Depth of borehole: "" Dellth to wllter: 126m 














Sa mple Name: 
Sample Type: 
Sa mple Season: 
Location: 




S~lmplin g Notes: 
Depth of bo rehole: 
Depth to wate r: 
Yield of borehole: 
Sample Name: 
Sample Type: 
Sample Seaso n: 
Location: 




Samplin g Notes : 
Deplh of borehole: 
DCI)t h 10 waler: 









Sa mpling Notes : 
DCI)( h of bo rehole: 
DCI)t h 10 wate r: 
Yield of borehole: 
8 6 1 
Borehole 
June 08 
Solitaire Guest Fllfm 
North or Solitaire on C 14 
23° 51' 59T 
16° 03' 14 . 8~ 
I 160m 
Solar powered pump, through 50m 







June 08, Feb 09 
Solitaire Guest FUfm 
North or Solitaire on C 14 
23°5 1'56. 1" 








June 08, Feb 09 
EscouI'1 
At \\ anlens houses ill Escour1 
24° 02' 57.r 
15° 48' 02.2" 
871m 
















Sa mple Name: 
Sample T~'pe: 
Sa mple Season: 
Location: 





Depth of bo rehole: 
Depth to waTer: 
Yield of horehole: 
Sa mple Name: 








Depth of bo rehole: 
Depth to water: 
Yield or borehole: 
Sample Name: 
Sample T:,'pe: 







Dept h or borehole: 
Depth to wate r: 
Yie ld or borehole: 
865 
Borehole 
June 08, Feb 09, .Iuly 09 
Eseourt 
Solar po\\ ered pump in middle of 
vegetated dune field , \\'es\ of 
houses. Soulhem side of Tsauehab 
nn:r. 
23° 59'4 1. r 
15° 42' 35.7" 
812m 
Water taken as waler pumps into 








Windmill in valley North of houses 
24° 00' 23 .0· 
15° 49' 10.3" 
873m 
Very rusted windmill, possibly 







June 08, Feb 09 
Camp Agama 
AI the campsite 
24° 08' 38 r 
15°57'421" 
!0-l5m 

















Sample Na me: 
Sample Type: 







Depth of boreho le: 
Dl'plh to wat er: 










Depth of borehole: 
Oerlh 10 witter: 










Oerlh of bo reho le: 
Deplh 10 water: 
Yield of borehole: 
869 
Borehole 
June 08, Feb 09, July 09 
Sossus"lcl lodge 
At the lodges 
24 0 28' 53. ' " 
150 48' 08.4-
78 1m 







June 08, Feb 09, July 09 
Sossus\'lc] Lodgc/Sossus\'lei 
Desert Camp 
Borehole southeast of Sossusvlci 
lodge 
24" 30' 226-
015" 49' 55 I" 
199m 
Pumps a fc\\ melers through a 






June 08, Feb 09 
Sesriem Cumpsitc 
AI the Campslte. 
2 .... 29' 08.4" 
0 15" 47' 52 r 
781 m 
















-- -- --- ~~---------------------------------------------------, 
Sample Name: 
Sample Type: 
Sa mple Season: 
Location: 




Sump ling Notes: 
Depth of borehole: 
Depth to water: 
L-______________________________ -'y~;~"~d"'of borehole: 
Sum pic Nume: 
Sanlplc Type: 
SumpJe Seaso n: 
Location: 




Samplin g Notes: 
Dept h of borehole: 
Depth to water: 
L-______________________________ -'y~;'~I~d"'of borehole: 
8 72 
Borehole 
June 08, Feb 09 
Sossus Dune Lodge 
Round some hills from Sesrie01, 
close to Sesreim c3nyon 
24° 30' 52. 1" 
0 150 46'56.5" 
767m 
Taken from pipe 3 fe\\ hundred 






June 08, Feb 09 
A Little Sassu:> Lodge 
At old sossusdei campsite, east of 
B42 
24° 37' 55.3" 
0 150 58'42 I" 
902m 
Straight from borehole through 




----S~, u= Nam~'. ------~817'~. -------------, 
Sam ple Type: Borehole 
Sam ple Season: June 08, Feb 09 
Location: Betewa ChristIan Retreat 
Location Desc ription: On 0 0854, althe campsite. 
Latitude: 24° 37' 04.r 
Lo ngitude: 0 150 59' 27. 1" 
Altitude: 92401 
Sa mplin g Notes: Windmill pumps water from 3n 
apparentl~' shallow IIquifer. 
Dept h of borehole: n/a 
Depth to waler: 6m/6.2m 













Sa mple Na me: 
Sample T~'pe: 






Sampling Notes : 
Depth of borehole: 
Dellth to water: 










Depth of bo rehole: 
Depth to w ate r: 
Yield of borehole: 
Sa mple Name: 
Sample T,'pc: 
Sample Seaso n: 
Location: 




Sa mpling Notes: 
Depth of bo rehole: 
Depth to wllter: 










Depth of borehole: 
Depth 10 wah.' r: 
Yield of borehole: 
875 
Borehole 
Junc 08, Feb 09 
Betcsda Christian Retreat 
NOM of CampslIc 
24° 36' 08 2" 
0 15° 59'07 .9~ 
955m 
Solar po\\·ef\."'C! pump, watcr taken 






June 08, Feb 09 
Betesda Chnsllan Retreat 
Nean;:r to campsite at the fence. 
24 ° 36' 512" 
015° 59' 308~ 
934m 






June 08, Feb 09 
Namib Sk}' Balloon Sa fari's 
Just nc;.;tto Nilmib Sky ad\'entures, 
ilt workers houses 
24° 40' 31.2" 









Nomlb Sk~ Bolloon Saran's 
South of N:lmib sky :ld\'entures. III 
hills 



















Sample T~·pe : 
Sa mple Season: 
Location: 





Depth of borehole: 
Depth to water: 
Yield 
Sa mple Nllme: 
Sa mple T~·pe : 







Oellth of borehole: 
Dept h to water: 
Yield of borehole: 
Sample Name: 
Samille T~·lle : 
Sall1llle Se!lson: 
Location: 













Sall1 pling Noles: 
Dcpth of borehole: 
Depth to wliter: 
Yield of borehole: 
Borehole 
June 08, Feb 09 
IlauchabfonleLn 
Bo rehole south of he> 
of Tsauchab 
use on banks 
24° 31'013" 
0 160 0." 34 5" 
10S lm 
March 08 a gcncrato 
11 huge \\i ndmill 







West of house 
24°3J'096" 
0 160 0." 262" 
1039m 







-09 June 08. Feb 09, Jul~ 
Tsauehab Rin.'1' Cam 
Oc\\nld Camp sprin 
240 30' 11 .0· 




Waler colk'Ctcd from 
the rocks 1010 the Tsa 




June 08. Feb 09. Jul~ 
Neu GillS 
DlfCCII) East +-500m 
borehole 1347 
24 0 17' 10,r 






















Sample Seaso n: 
Locatio n: 















Sample T~ I,e: 
Samille Season: 
Location: 





Depth or hon' hol{": 
D{"pth to wat{"r: 
Yield or borehole: 








Slimplin g Notes: 
S83 
Spnng 
June OS, Feb 09 
N..:uras 
On I)OS5O South 
24° 27' 44 r 
0 16° 14' 15.7" 
11SIm 
AnesHln well , told that water nOI 




June OS, Feb 09 
N,,:unls 
On 1)0850 South 
24 ° 27' 47S" 
016° 14' 157" 
1185m 
2nd artesian \\ell Sampl..:d at 
source of\\utcr Told that all wells 
he along fault 
885 
Bor..:holc 
JUlie OS. Feb 09 
b us 
Opposite Zals on C 14 
24° 0 1' 393" 
0 16°09' 19.3" 
1163m 
GCllcrntor pumps water into 






Jun..: 08, Feb 09 
Frans' house (Arbeid Adell) 
On Arbcid Adel! road 
24° 06' 58 r 
0 16° 13' 26.5" 
I 324m 
Solar po\\er ... -d pump, pumps \\ Iller 
1010 dum, a f..:\\ tens of melres 
a\\a) 
Dellth or borehole: nln 
Depth to wllter: nln 












Sa mple Na me: 
Sample T:,'pe: 
Sa mple Seaso n: 
Location: 




Sam lin ' Notes: 








Sam lin' Notes: 
Sa mple Na me: 
Sample T:,'pe: 
Sa mple Seaso n: 
Location: 




Sam lin NOles: 
Sample Name: 
Sample T:" lle: 
Sample Season: 
Location: 




Sampling Notes : 
A87 
Surface 
June 08, Feb 09, July 09 
Spring just al)()\'e large tufa, last 
water seen in river valley, 
24 0 08' 10,8" 





June 08, Feb 09, July 09 
Above BlasskopflUfa. through 
Arbcid Adell cntrance 
Spnngj ust further alx)\'e IUfa, 20m 
downstream from A87. 
240 08' 09.2" 





June 08, Feb 09 
Arbcid Adelt 
A long hiking trail wcst from Tufa 
sheller. 
24 0 06' 48.0" 





June 08, Fcb 09 
"Tufa Cave Rest Camp" Arbeid 
Adeh 
Just ncxt to Tufa shdtcr 
240 06' 37,2" 
0160 10' 39S" 
14S9m 
Water continuously emergIng from 
natural spring, Archimedes serew 













Sa mple Name: 








Depth of bo rehole: 
Depth to wale r: 
Yield of bo rehole: 









Sample Na me: 
Sample T~'pe: 
Sa mple Season: 
Locat ion: 
Locat ion Desc ri),t ion: 
Lat it ude: 
Lo ngitude: 
Altitude: 
Samplin g Notes : 
Depth of borehole: 
Depth to wate r: 





loclltion Desc ript ion: 







Arbcid Adell homestead 




Sample laken from inflow pipe at 







Ababis (Tsondab River) 
Just next to borehole in almost dI)' 
Tsondab ri\'cr bcd, 
230 58' 56 .3" 
016" 05' 34.2" 
1073m 
Sampkd from remaining waler in 
otherwise dry ri \'cr lx"<i. 
893 
Borehole 
June 08, Feb 09 
Ababis 
Along 0126 1 on right of road 
23°5S'll.r 
0 160 OS' 45 .0" 
I 140m 





June 08. Feb 09 
Ababls 
Along 01261 on left of thc road, 
takc a long road lo\\ards a housc. 
23 0 54' 49.4" 
0160 12' 53 3" 
1225m 
Water sampled from lributal)' of 
the Tsondab. Apparently \\'Rler 




















Sam lin ~ NOles: 
Slim pic Name: 
Sump Ie T~'re: 
Sam ric Seaso n: 
locatio n: 




Samplin g Notes: 
SlI.n1rle Namt': 
Sample T~'pe ! 
SlI.mple Seaso n: 
Location! 





Depth of ho rehole: 
Depth to wate r : 
Vield of bo reho le: 
Samrle Name: 
Samrle T~'re: 
Sample SClI.so n: 
Location: 




Sam lin' Notes: 
A95 
Surfocc 
JUJlC 08, Feb 09, July 09 
Rcunhoogtc Pass 
Appears to be vcry close to 0 
source 011 the \\By to Noab. (At 0 
fence) 
23 0 56' 51 I" 





June 08, Feb 09 
Rennhoogte Pass 
On the \\oy to NOllb, further 
downstretlm from A95 
23 0 56' 43 3" 
016" 13' 33 I" 
I 268m 




June 08, Feb 09, July 09 
NlluLuras 
Allhe cntrtlncc to the fllnn . 
23 0 49' 1ST 
0 16" 20' 333" 
1645m 
WL1ldml ll pumps \\lIler from hand 
dug well 11110 dllm, look \\ BIer jusl 






June 08. Feb 09, July 09 
Nlluzuras 
2nd spnng past the kOPPlc 
23 0 49' 436" 
0160 20' 278" 
1615m 













Samp le T~'pe : 
Sample Seallo n: 
Loc .. tion: 




S .. mpling Notes: 
Depth of borehole: 
Depth to water: 
Yield of borehole: 
Sample Nltme: 
Sample T)'pe: 
Sample Scallon : 
Loeation: 





Depth of ho ..... · hole: 
Deplh 10 water: 
Yield of borehole: 
Sample Name: 
Sample T~'pe: 







Deplh of borehole: 
Depth to water: 
Yield of horehole: 
Sa mple Name: 
Sample Type: 
Sample Se .. son: 
Location: 





Depth of borehole : 
Depth 10 wllter: 
Yie ld of borehole: 
899 
Borehole 
June 08, Feb 09 
Lcpcl 
Glines Rest Camp. the windmill lit 
Efmm's house 
23°51'013" 
0 16° 30' 172" 
1619 
Windrmll pumps wllter into dam, 









East of Lepcl 
23° SO' 420" 








June 08, Feb 09, July 09 
Blaubekcr 
Gne road South from Lepcl. 
23° 54' 18.2" 










South of Blaubekcr 
23° 57' 07.6" 


















Sample T~'pe : 
Sample Seaso n: 
Location: 





Depth of borehole: 
Depth to water: 
Yield of borehole: 
Saml.le Name: 
Sample TJpe: 







Depth of borehole : 
Depth to water: 
Yield of borehole: 
Sample Name: 
Sam ple T~'pe: 






Slimpling Notes : 
Dellth of borehole: 
Depth to w~lter: 
Yield of borehole: 
Sample Name: 
Slimp Ie T~'pe: 
Sample Season: 
Location: 





Depth of borehole: 
Depth to water: 





South of Arbeidsloon 
24° 00' 26.8" 










East of B 103 
240 01' 12.3" 
0 16° 25' 53 .2" 
1651m 







June 08, Feb 09, July 09 
Kranzkop 
East of Tsabisis 
24° 00' 46.4" 
0 160 26' 44 .0" 
1674m 






June 08, Feb 09, July 09 
North of Kranzkop 
On Ihe \\'ay 10 Rieloog 
23 0 59'09.9" 

























Sampling Notes : 
Depth of borehole: 
Depth to water: 










Depth of bo rehole: 
Dept h to water: 
Yield of ho rehole: 
Sa mple Name: 
Sa mple T~'pe : 
Sa mple Season: 
Locatio n: 





Depth of borehole: 
Depth 10 water: 
Yield of horehole: 









Depth of bo rehole: 
Deplh 10 water: 





Just East of Bllllsporl 
24° 08' 049" 










East of Gccn" lakte 
24·07'09 ' " 








June 08, Feb 09 
RlCtoog 
Christlllan Mouers' house 
23° 58' 100" 








June 08, Feb 09. Jul) 09 
Smalstrccp 
AC Ilagen's house 
23°57' 18 6" 

















Sample Name: Bill 
Sample Type: Borchole 
Sample Season: June 08, July 09 
Location: Smalslrccp 
Location Desc ription: AC Hagcn's gate 
NIA 
utitude: 23° 57' 18.6" 
Longitude: 0 16° 29' 14.5" 
Allitude: 1583m 
Sampling Note~ : Windmill pumps water 
Depth of borehole: ±7Om 
Depth to watcr: ni ' 
Yield of borehole: O}, 
Sample Name: BII2 
Sample T~'pc : Borehole 
Sample Season: June 08, Feb 09, July 09 
Location: Smalstreep 
Location Description: West of 1·louse 
utitude: 23° 57'4 1.5" 
Longitude: 0 160 29' [6.0" 
Alt itude: 1579m 
Sampling Notes: none 
Depth of borehole: O}, 
Depth to water: O}, 
Yield of borehole: O}, 
Sample Name: BII3 
Sample T~'pe: Borehole 
Sample Season: June 08, Feb 09 
Location: Ganes Oos 
Location Desc ription : Borehole al the house 
Latitude: 23° 55' 04.0· 
Longitude: 016° 32' 14.8" 
Altitutle: 15G·hn 
Sampling Notes: none 
Depth of borehole: 80m 
Depth 10 water: O}, 
Yield of borehole: O}, 
Sample Name: BII-I 
Sample Type: Borehole 
Sample Season: June 08 
Location: Ganes Wes 
Location Descript ion : South down road from 13 [ 13 
NIA 
Latitutle: 230 56' 53 .6" 
Lo ngitude: OIGo 29' 44 .3" 
Altilude: I 570m 
Samplin g Notes: none 
Depth of borehole: O}, 
Depth to water: O}, 












Sample T,'pe: Borehole 
Sample Season: June 08, Feb 09, July 09 
Location : Garies Wes 
Lo('alion Des('ription: Spring in rivCf bed 
Latitude: 23° 57' 06. I-
Longilude: 016" 29' 37.9" 
Altitude: 1560m 
Noles: none 
Sample Na me: BI1 6 
Sample Type: Borehole 
Sa mple Season: June 08 
Location: Slangpoon 
Lo('ation Desniption: Windmi ll on the bend of the C24 
before Rietoog 
Latitude: 23° 53' 32.7" 
Longitude: 016° 33' 02.0" 
Altitude: IS61m 
Sampling Notes: none 
Depth of borehole: ,>1a 
Depth to water: n/a 
Yield of borehole: n/, 
Sample Name: P II 7 
Sample Type: Precipitation 
Sample Season: Feb 09 
Lo('ation: Naukluft Camp Ground 
NIA Location Description: At the Campsite 
Latitude: 24° 15'57" 
Longitude: 16° 14'22.3" 
Altitude: n/a 
Sam II ling Notes: Rainwater collccted from the night 
of the 15th 
Sample Name: J PI18 
Sample T,'pe: Precipitation 
Sample Season: Feb 09 
NIA 
Location: Naukluft Camp Ground 
Location Desc ription: At the Campsite 
Latitude: 24° 15'57" 
Lo ngitude: 16° 14 '22.3" 
Altitude: n/, 
Samplinj! Notes: Rainwater collected during the day 
Sample Name: PI19 
Sample TJpe: Preci pitation 
Sample Seaso n: Feb 09 
Location: Naukluft Camp Ground 
NIA Location Description: At the Campsi te 
Latitude: 24° 15'57" 
Lo ngitude: 16°14'22.3" 
Altitude: n/a 
Sampling Note.~ : RainwBter eollccted from the night 





















Locatio n Delle ripl ion: 
Lati t ude: 
l<t ngitudc: 
Altitude: 
Sam lin Not e~: 
Sample Na me 
Sample Type: 
, 
"' Sa mple Scaso Location: 
location Desc 





Sa mple Na me 
Sa mple T)'pe: 
, 
" 
, Sample Scason 
Locatio n: 
location Desc 




Sa mpling Note " 
hole: Depth of burl.' 
Depth tu wate 
Yield of horeh " ole: 











11: Sampling Note 
Dept h of bo rl.'h 
Depth to wate 







Tsuuchab ",'cr runnmg through 
(ann 






Nauk lufl Camp Ground 













Sample taken from in Ihe middle of 

























Sam ple Name: PI2.t 
S~mple T~'pe : Precipitation 
S~mple Season: F~b09 
N/A 
Location: Bullsport Campsite 
Location Description: North of BOllsport 
Lati tude: 24°0S'12,3" 
Lo ngitude: 16°20'44,6" 
Altitude: 1442m 
Sa mplin ~ Notes: none 
Sample Name: P I25 
Sample T~' pe: Precipitation 
Sample Season: Feb 09 
Location: Panomma (Mountain) 
N/A Location Description: On road to borehole 
Latit ude : 24°04'45.5" 
Longitude: 1 6°03'2 1 .9~ 
Altitude: 1248m 
Sa mpling Notes: Rainwater collccted from thc 
afternoon on panorama road 
Sample Name: A J26 
Sample Type: Surface 
Slimple Season: Feb 09 
Location: Solitaire Guest Farm 
N/A Location Descriptio n: River around borehole 
L~l i tude: 23° 51'56, 1" 
Longi tude: 16° OJ' 39.9" 
Altitude: 1165m 
Slimp ling NOles: nonc 
Sample Name: BI 27 
Slimp Ie T~'pe: Borehole 
Sample Season: Feb 09, July 09 
Loc~tion : Solitaire Guest Faml 
Location Description: New borehole north of lodge 
(co\\s) 
N/A Lat itude: 23° 51'45.79" 
Longi tude: [6" OJ' 2" 
Altitude: nl' 
Sampling Notes: none 
Depth or borehole: drilled 135m 
Depth to "'~te r : nt, 
Yield or borehole: nt, 
Sample Na me: S I28 
Sample T~'pe: Spring 
Sample Seaso n: Feb 09. July 09 
Location: Tsams Ost 
Locat ion Desc ription: Small fontcin 
Lat itude: 24° 16' 5S.2r 
Longitude: 16° 5' 10.36" 
Altitude: 'v, 












Sa mple Name: SI29 
Sa mple T~'pe: Spring 
Sa mple Season: Feb 09 
Location: TS3ms OSI 
Location Description: Grootfonlein 
Latitude: 24° 16' 46.06" 
Longitude: 16° 5' 28.46" 
Altitude: n/, 
Sam lin. Notes: Swam ror sample 
Sample Name: PIJO 
Sam ple Type: Precipilalion 
Sam ple Season: Fcb09 
N/A 
Location: Nauzerus 
Locatio n Description: none 
Latitude: 23° 49' 8.90" 
Lo ngit ude: 016° 20' 38.22" 
Altitude: ,,,, 
Sampling Noles: none 
Sample Name: SI3I 
Sample T~'pe: Spring 
Sample Seaso n: Feb 09 
Locat ion: Tsarns Osl 
N/A 
Location Desc ription: JUS\ upslfcarn from A24 
Latitude: n/, 
Lo ngit ude: n/, 
Altilude: n/, 
Sam plin g Notes: Waler S(.'Cping oul of rock on righl-
hand-side ofri'·er. 
Sample Name: A 132 
Sample T~' pe: Surface 
Sample Season: Feb 09 
Locat ion: Tsams OSI 
N/A 
Lot.-ation Description : Further upstream from seepage 




S41m Iling Notes: none 
Sample Name: 8 133 
S41m ple T~'re : Borehole 
Sample Seaso n: Feb 09, July 09 
Location: Sossus\'lci lodge 
Location Description: On road into scsriem. 
L41titudc: 2~0 28' 19.52" 
Longitude : 16°5 1'8.(Xj" 
Altitude: n/, 
Samr ling Notes: Solar powered. WlIler laken as 
waler enlers dam oul of black pipe. 
Andries says illasles funny. 
Dcpth of boreholc: 60m 












Sa mple Na me: PIJ-I 
Sample Type: Precipitation 
Sample SeaJlon: Feb 09 
Location : &~T1em Campsite 
N/A Location Description: At the campsite 
Latitude: 2<029'08.4" 
Longitude: 0 lS04TS2r 
Allilude: 781m 
Sampling Notes: Ram\\atcr collccted on night of 
22nd 
Sample Name: PI3S 
Sample T~'pe: PreCI pitatIon 
Sa mple Seaso n: Feb 09 
Location : Iinuchnbfontein 
N/A Locat ion Desc ript ion: Collected at l-lauchabfontcin fann 
u.titude: 24°31'01.3~ 
Longitude : 0160 (W' 34 5" 
Allitude: 1051 m 
Sampling Noles: Ram\\ ater collected alicmoon 
Ilauchabfontem 
Sa mple Name: RJ36 
S.-mple T~'pe: Surface 
Sample St'ason: Fcb09 
Location: Tsauchab ",'er 
NIA Locat ion Description: 0PPOSlt..: entrance to Sossus Dune 
Lodge 
Lat itude: 2-10 30' 52. 1" 
Lo ngitude: 0 150 46' 56.5" 
Allitude: 767m 
Samplinl: Note, : none 
Sa mple Name: S139 
Slt mple Type: Spring 
Sample SeaJlon: Feb 09 
Location: Ncuras 
NIA Location Desc ription: Founwin number J 
Latitude: 240 27' 40 10" 
Longi tude: 0160 1-1 ' 22 24" 
Altitude: n/. 
Samnlin~ Notes: none 
Sa mple Name: 81-10 
Sa mple Type: Borehole 
Samplc Sc,tJlon: Feb 09 
Location: Noab 
Loclttion Description: Wind null ne,t to \'..:g. garden 
NIA Lat itude: 23
0 54' 58 6-\" 
Longitude : 0160 18' 24 .67" 
Altitutle: n/a 
Sampling Notes: Taken from pipe pumping into dam 
from windmill 
Depth of boreho le: 60 




















Sa mpling Notes: 
Depth of borehole: 
Depth to waler: 
Yield of borehole : 




Locatio n Desc rilltion: 
N/A Lat itude: 
Longitude: 
Altitude : 
Sam pling Notes : 
Depth of borehole: 
Depth to water: 
Yield of borehole: 
Sa mple Name: 
Sample T)'p<, : 
Sample Season: 
Locatio n: 
Locat ion Desc ription: 




Dept h of horehole: 
D('pth to water: 
Yield of borehole: 














Windmill al Ihe ri\"er 
23° 54' 58.64" 
0J60 18' 24 ,37" 
n/, 








On bounda~' belween nouzcrus 
and Noab, 
23° 51' 38.52" 
016" 22' 26.00" 
n/, 








WlI1dmill nonh ofthc house III 
Nauzerus 
23° 49' 8.90" 










At faml house 
23° 49' 8.90" 
0160 20' 38.22 " 
n/, 












Sample Name: 81ol6 
SlI.mple T)·pe: f3oreholc 
Sample Season: Feb 09, July 09 
Locll.tion: Lay-Oank 
Locll.tion Description : East Of Billispon 
NIA 
Latitude: 2-1°07'15. 1" 
Lo ngitude: 16c25'55 . 1" 
Allilude: nI, 
Sampling Noles: Got from borehole west of 313 108 
Depth of borehole: nI, 
Depth to water: nI, 
Yield of borehole: nl, 
Sample Nllme: WIol7 
Sample T~'pe: Well 
Sample Seaso n: Feb 09, July 09 
Locat ion: On blaubcker road from Lepel 
Locat ion Desc ription: none 
Lati tude: 23c53'48.1·' 
Longitude: 16c28'37.7" 
Altitude: nI, 
Samplin g Notes: Bailed water from well 
Depth of borehole: nI, 
Depth to water: 7.3m 
Yield of borehole: nI, 
Slimp Ie Name: Bullsport.BOI 
Slimp Ie Type: Borehole 
Slimp Ie Season: March 08, June 08 
Location: BOllspon 
Location Description: A few km SQuth of OOlispon 
LlI.titude: 24°]]'08. 1" 
Longitude: 16c23'-I3 .2" 
Altitude: 1403m 
Sampling Notes: Windmill pumps water into tank. 
Depth of borehole: nI, 
Depth to water: nil! 
Yield of borehole: nI, 
Sa mple Na me: Bullsport-B02 
Sample Type: Borehole 
Sam ple Season: March 08 
Location: BOllspon 
Locat ion Description: To the east of mountains 
NIA 
Latitude: 24c 01' 08.6-
Longitude: 0 16c 20' 43.6" 
Altitude: 138201 
SlIllll)lin g Notes: Used bailer to sample water 
Dept h of borehole: nla 
Del}th to water: 16.35m 












Sample Name: Klipheuwe l-803 
Sa mple T~·pc: Borehole 
Sa mple Sellson: March 08, June 08, Feb 09, July 09 
Loeation: Khpheu\\eI 
Location Desc ription: South of BOllsport , Nahascb 
Latitude : 24° 13' 04 5" 
NIA 
Longitude : 016° 30' 426" 
Altitude : 1421m 
Sampling Notes: Borchole sltuotcd in the middle of 
a !..raal Appar..:ntly cleanest walt.!r 
III vIll age. 
Depth of borehole : n1, 
Depth to water: 10.95m/nond61 Ill/none 
Yield of borehole: n1, 
Sa mple Na mC': Zais-80-& 
Sample T~'pe: Borehole 
Sample Season: March 08, June 08. Feb 09, July 09 
Location: L:lIs 
Location Desc ription: Well at the hou~ 
Latitude: 2'· 01' 369" 
Longitude : 0 16· 09' 098" 
Altitude: 1161m 
Sampling Notes: B:u1c.:d the \\alt...'T oul 
Depth of bo reholC': n1, 
Depth to water: 14 15m/noncJ9.2m112 5m 
Yie ld of borehole: nl, 
Sample Name: Abab is-BOS 
Sa mple T~'pc : l3orehole 
Sample Sca!wn: Mnreh 08, June 08, Feb 09, July 09 
Location: Ababls 
Locatio n Desc rilllion : N..:xl 10 the Tsondub riv..:r at th..: 
lodgc 
Latitude: 23° 58' 55 7" 
Longitude: 0160 OS' 3.I 7" 
Altitude: IOSOm 
Sampling Nofe~ : Dulled the \\ (Iter oul. but \\ (IS 
conllnuousl~ pumping dsc\\here 
Dellth of bo rehole: nl, 
Dept h to water: 7.I8m 3mn Zml6.2m 
Yield of borr hole: n1, 
Sanlple Na me: Ababis- R06 
Sample T~'pe : Rlvcr 
Sample Seaso n: March 08, Fcb 09 
Location: Abl.lbls 
NIA 
Location Desl'ription: N":'I to Ababls-B05. Ihe Tsondob 
n\"..:r 
Latitude: 23" 58' 564" 
Lo nJ:,itude: 16" 05' 348" 
Altitude: 108011\ 
















Location Descri ption: 




Depth of borehole: 
Depth to water: 
Yield of bo reho le: 
Sample Na me: 
Sa mple Type: 
Sam ple Sea on : 
Location: 




Sa mpling Notes: 
Oepth of borehole : 
Depth to water: 
Yie ld of borehole : 
Sa mple Nlt nw: 
Sa mple T~·pe: 






Sa mpling Noles: 
Dept h of borehole: 
Dept h to water: 
Yield of bo rehole: 
Sanlille Name: 
S ~lmJ}lc T~·pc : 






Sa mpling NOles: 
Depth of borehole: 
Depth to wilter: 
Yield of borehole: 
So lil ai re·B07 
Boreho le 
March 08, JUlle 08 
Solitaire Country Lodge 
Borehole at the house 
23" 53' 54,4 








June 08, Feb 09, July 09 
Namib Naukluft Lodge 
North of NNL·B09, generator 
23" 58' 24 r 






NN ..... B09 
Boreholc 
March 08, Junc 08, Fcb 09, July 09 
Namib Naukluft Lodgc 
Other sldc of Marble Mountain 
23" 58' -165 
IS" 51'063' 
911m 







March 08, June 08, Fcb 09, July 09 
Nanllb Desert Lodge 
On C19, nc:\tto abandoned petrol 
statIOn 
2-1" 07' 34 2" 
15" 57' 254-
IO-l6m 


















Sa mple Season: 
L..oution : 




Sampling Noles : 
Depth of borehole: 
Depth 10 waler: 
Yield of borehole: 
Sample Name: 
Sample T:,'pc: 
Sample Seaso n: 
Location: 




Sa mplin g Notc!l: 
Depth of borehole: 
Depth to waler: 
Yield of borehole: 
Sa mple Na me: 
Sample T~'pe: 
Sample Seaso n: 
Location: 




Sa mplinJ! Noles: 
Depth of bo reho le: 
Depth 10 Wall' r : 
Yield of borehole: 
Sampl e Na me: 
Sa mple T~'pe: 
Sa mple Sea on: 
Location: 




Sa mplin g Notes: 
Oel)lh of borehole: 
Depth 10 w ale r: 
Yield of horehole: 
Solilaire·811 
Borehole 
June 08, Feb 09, July 09 
Sohlnlrc Count!} Lodge 
Soli taire, Ctlst of shop 
2)° 5)' )6 8" 
16°00' 17.r 
1070m 
Wal..:r pump'--d through P\'C pipe 







Sohtam.: Country Lodge 
Soliullre. "cst of shop 
23° 53' 37 4~ 
16" 00' 16)" 
I070m 
Water pumped through P"C pipe 






June 08, Feb 09 
NUllUb Nuukluft Lodge 
South of Lodge, Escourt road 
2..1 ° 02' 55 .3" 
15° 57' 37 .2" 
IOnm 
Watcr sampled as walcr \\"os 






June 08. Feb 09 
NamIb Naukluft Lodge 
South of Lodge Escoun Road 
HO 02' 039" 
0 15° 53' 37T 
953m 
Water sumpled tiS \\ater \\3S 
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SCALE 1 :100 000 
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Young liIf.d,menI8 of the N .;mllb 
;.nd KalM'Iarl Sequenee!llSaJI p<lns 
~ 








(tledl me "ta ryivoka nle) 
Otll\J1 Uth ologlt'f< ~ 
(m ... lnly cArbonates) a ... -. , Sw .. kop lith o logIes (mainly schist. ~ r:r 
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